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Emulsions are thermodynamically unstable systems, in which a liquid in dispersed in 
other liquid in form of droplets. These systems are unstable due to different 
destabilization processes which can take place such as creaming, coalescence, 
flocculation and Ostwald ripening. In order to improve the emulsions stability, it is of 
prime importance to detect destabilization processes at an early stage. The rheology of 
emulsions from both a fundamental and an applied point of view is an important tool to 
detect some destabilization processes that can occur in emulsions. In addition, 
emulsions for agrochemical use should possess an adequate rheological structure to 
prevent destabilization processes such as creaming and coalescence during the 
product’s lifetime. Furthermore, they must be fluid enough to be dispersed in water 
before its application. On the other hand, laser diffraction is the best method to 
characterize droplet sizes distribution (DSD) and coalescence process. In addition, 
confocal laser scanning and optical microscopy can be an important tool when 
flocculation or coalescence take place. On the top of that, the technique of Multiple 
Light Scattering (MLS) is able to characterize droplet or aggregate size variation and 
droplet/aggregate migration as a function of aging time. This PhD Thesis wants to 
demonstrate that the combined use of different techniques such as rheology, laser 
diffraction, different microscopies and multiple light scattering provide very interesting 
information at an early stage about the destabilization mechanisms occurring in 
emulsions. 
This PhD Thesis is based on two of the twelve principles of green chemistry: use eco-
friendly substances and reduce the energy input in chemical processes. Green solvents 
have attracted a lot of attention in the recent years due to the necessity to replace the 
organic traditional solvents by more environmentally favourable ones. N,N-
dimethyldecanamide(AMD-10) is considered a safe biosolvent, according to the 
Enviromental Protection Agency. This solvent is partially soluble in water, which may 
provokes some problems of the emulsion stability such as Ostwald ripening. A possible 
solution to this problem may be the addition of a second disperse phase component 
such as D-limonene, which is rather insoluble in the continuous phase. D-limonene, a 
naturally occurring hydrocarbon, is a cyclic monoterpene, which is commonly found in 
the rinds of citrus fruits such as grapefruit, lemon, lime, and in particular, oranges. D-
limonene exhibits good biodegradability, hence it may be proposed as an interesting 
alternative to organic solvents. These solvents can meet the ever-increasing safety and 
environmental demands of the 21st Century. Polyoxyethylene glycerol esters derived 
from cocoa oil, which possess ecolabel, are non-ionic surfactants obtained from a 
4 
 
renewable source which fulfil the environmental and toxicological requirements to be 
used as ecofriendly foaming and/or emulsifying agents. 
The main goal of this PhD Thesis was to develop new eco-friendly oil-in-water emulsions, 
which could be used as matrices for agrochemical use. This was carried out under the 
frame of sustainable chemical engineering. Hence, according to that, a specific strategy 
was followed considering the emulsion formulation and the reduction of energy input 
in order to obtain fine stable emulsions. 
This PhD book is comprised in eight chapters. Firstly, main concepts of emulsions, green 
chemistry and emulsification methods were introduced.  
Chapter two shows the influence of ratio of solvents on DSD, rheology and physical 
stability for 30 wt% green emulsions processed in a rotor-stator device. Submicron 
emulsions was achieved when AMD-10 was in the dispersed phase, regardless the ratio. 
Furthermore, chapter three deals with ecofriendly O/W emulsions using membrane 
emulsification for preparation. The influence of membrane emulsification parameters 
on DSD was studied.  These chapters could be considered the starting point for further 
chapters since they show the different nature of the solvents. The ration 75 wt% AMD-
10 /25 wt% D-Limonene was fixed for following chapters.  
In chapter four, the influence of a key variable (surfactant concentration) was presented. 
This chapter shows that the increase of surfactant concentration does not improve the 
physical stability of these ecological-formulated emulsions. 
The target of chapter five was to examine the microfluidization process. In spite of the 
fact Microfluidizer applies high energy input, there could be other advantages which are 
worth to study. Emulsions with 280 nm were obtained with this process, the lowest 
obtained in this PhD Thesis.  
Chapter six shows the influence of homogenization rate on stability of 30 wt% and 40 
wt% emulsions. While 30 wt% emulsions underwent creaming as main destabilization 
process, 40 wt% emulsions showed an increase of droplet size with aging time. In order 
to avoid coalescence, a pluronic was also used as surfactant in chapter seven.   
The target of chapter seven was to compare the different coarsening processes in 
emulsions depending on the surfactant and, hence, the continuous phase used. In 
addition, it shows a rheological, MLS and droplet size analysis about the differences 
between coalescence and Ostwald ripening in emulsions. 
Chapter eight deals with the influence of processing temperature in a rotor-stator 
device. This parameter makes important changes in the rheology of these emulsions. 






















1.1. Green Chemistry 
 
The objective of green chemistry is to achieve sustainability through science and 
technology (Anastas, 2000). There are 12 Principles of Green Chemistry which provide a 
framework for scientists and engineers to take into account when they design new 
materials, products, processes, and systems. A design based on the 12 principles 
considers not only environmental but also economic and social factors. Two of the 12 
principles of Green Engineering, namely 5 and 6, are referred to the use of safer solvents 
and formulations and to reduce energy requirements during processing, respectively. 
(Anastas, 1998) In this way, the application of the 5th principle guides to replace the 
traditional organic solvents by more environmentally favourable ones. Alternative 
solvents form a significant portion of research in green chemistry. This is in part due to 
the hazards of many conventional solvents (e.g. toxicity and flammability) and the 
significant contribution that solvents make to the waste generated in many chemical 
processes. Solvents are important in analytical chemistry, product purification, 
extraction and separation technologies, and also in the modification of materials. 
Therefore, in order to make chemistry more sustainable in these fields, a knowledge of 
greener solvents has attracted recently much attention. (Kerton, 2013) Low or null 
toxicity and fast biodegradability are requirements that green solvents must fulfil. 
Furthermore, these eco-friendly solvents should be obtained from renewable resources 
and must play the same role as traditional organic solvents, with the same or even 
enhanced efficiency. (Hernaiz, 2010)  
The 6th principle of Green Chemistry is related to the energy efficiency. Energy 
requirements of chemical processes should be recognized for their environmental and 
economic impacts and should be minimized. If possible, synthetic methods should be 
conducted at ambient temperature and pressure. The design of chemical reactions or 
systems that do not require intensive energy use is highly desirable. Reducing the energy 
barrier of a chemical reaction or choosing appropriate reactants so that the 
transformation may proceed at room temperature is one example of what chemists can 
do to reduce energetic requirements, with all the direct and indirect benefits associated 
with it.(Anastas, 1998) One way to reduce energy input in emulsions can be using of an 




1.2. Introduction to emulsions 
 
A single emulsion is a dispersion of one phase in another with which it is immiscible. 
These two immiscible liquids are usually an oil phase or organic solvent and an aqueous 
phase (Morrison & Ross, 2002). In an emulsion, one liquid phase is dispersed in the other 
phase in the form of droplets. A layer of a surface-active component, the so-called 
emulsifiers, coats the droplets of the dispersed phase. Emulsions can be classified 
according to the distribution of the oil and the aqueous phases (McClements, 2004). 
When oil droplets are the dispersed phase and the aqueous is the continuous phase, it 
is called oil-in-water (O/W) emulsions (see figure 1.1). Conversely, a system that consists 
in water droplets dispersed in an oil continuous phase is designated as water-in-oil 
(W/O) emulsions. In addition of these conventional O/W and W/O emulsions, it is also 
possible to obtain multiple emulsions, i.e. water-in-oil-in-water (W/O/W) and oil-in-




Figure 1.1. Scheme of an oil-in-water emulsion consisting of oil droplets dispersed in an 
aqueous medium. 
Emulsion science and technology has been used for many years to create a diverse range 
of commercial products such as mayonnaises, salad creams, deserts, dry-cleaning 
formulations, pharmaceutical products as well as personal care and cosmetics, for 
example, hand creams, lotions, hair sprays, and sunscreens. Other field in which 
emulsions have a great impact is agrochemistry. In this way, it is worth to mention the 
self-emulsificable oils which produce emulsions on dilution with water, emulsion 
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concentrates (EWs), and crop oil sprays. The above importance of emulsion in industry 
justifies a great deal of basic research to understand the origin of instability and methods 
to prevent their break down.  
Almost all industrially processed emulsion-based products are made up of a wide variety 
of constituents, including oils, emulsifiers, texture modifiers, preservatives, 
antimicrobial agents, antioxidants, pH adjusters, salts, and, of course, water. (Rayner, 
2015) 
1.3. Formulation in green emulsions for agrochemical use.  
1.3.1. Eco-friendly solvents. 
The nature of the oil phase has a big influence on the formation and stability of 
emulsions (McClements, 2005). Different molecular characteristics of the solvents lead 
to changes in their properties such as density, melting point, polarity, viscosity and 
solubility in water. Many of these properties have a great influence on the formation, 
stability and properties of emulsions (Piorkowski & McClements, 2014). For example, 
the solubility in water of the oil phase determines the physical stability of an emulsion 
to Ostwald ripening phenomenon due to diffusion of solvent molecules through the 
continuous phase. Dispersed phase viscosity influences the efficiency of droplet 
disruption during high energy homogenization, the closer the ratio of dispersed phase 
viscosity to continuous phase viscosity (ηD/ηC) is to unity, the more efficient is droplet 
disruption and the smaller is the particle size produced (Walstra, 1993). Oil density 
determines the rate of particle creaming or sedimentation within emulsions, the greater 
the density contrast between the droplets and surrounding fluid, the faster the rate of 
gravitational separation (McClements, 2005). In addition, the concentration of oil 
droplets in an oil-in-water emulsion influences its physical stability and rheological 
properties (McClements & Rao, 2011). Droplet concentration is usually characterized in 
terms of the dispersed phase mass fraction (ϴm), which is the mass of the oil phase (moil) 









 A biodegradable and ecological option to substitute classical petrochemical solvents 
used in agrochemical formulations could be Fatty Acid Dimethylamides (FAD). FAD are 
solvents that fulfil the requirements to be considered green solvents and may find 
application in agrochemicals use due to the lack of risk to the farmer satisfying the needs 
of customers, which is the basic principle of the product design.(Bigorra, 2010) D-
limonene, a naturally occurring hydrocarbon, is a cyclic monoterpene, which is 
commonly found in the rinds of citrus fruits such as grapefruit, lemon, lime, and in 
particular oranges. D-limonene exhibits good biodegradability, hence it may be 
proposed as an interesting alternative to organic solvents. (Medvedovici, 2012; Jäger, 
2010). These solvents can meet the ever-increasing safety and environmental demands 
of the 21st century. 
1.3.2. Stabilizers 
Despite the fact that emulsions are thermodynamically unstable systems, it is possible 
to form emulsions that are kinetically stable for a long period of time by adding 
ingredients known as stabilizers. Stabilizers can be classified according to their mode of 
operation as emulsifiers or texture modifiers.  
 Emulsifiers 
 
An emulsifier is a surface-active substance that adsorbs to the surface of emulsion 
droplets to form a protective coating that prevents the droplets from aggregating with 
one another and merge, e.g., certain proteins, polysaccharides, phospholipids, 
surfactants and solid particles (Stauffer, 1999; Whitehurst, 2008). An emulsifier also 
reduces the interfacial tension and therefore facilitates the formation of emulsion 
droplets during homogenization (Walstra, 2002). The type of emulsifier used to stabilize 
an emulsion is one of the most important factors determining its overall performance 
and long-term stability.  
The suitability of an emulsifier for a specific use is determined by a number of factors, 
including the optimum concentration required to stabilize an emulsion, its ability to 
form small droplets during homogenization, and its ability to prevent droplets from 
aggregating (McClements, 2005). These factors depend on the nature of the emulsifier, 
but they also depend on the characteristics of the emulsion in which it is present, e.g., 
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pH, ionic strength, ion type, oil type, ingredient interactions, and thermo-mechanical 
history. For this reason, it is usually difficult to predict the behaviour of an emulsifier 
from knowledge of its chemical structure alone (McClements, 2005).  
The main property to characterize a surfactant is its HLB number. This concept was 
introduced as an empirical scale that could be used to describe the balance of the size 
or strength of the hydrophilic and lipophilic groups on an emulsifier molecule. The HLB 
scale ranges from 0 to 20 for non-ionic surfactants. A low HLB (<9) is related to a 
lipophilic surfactant (oil soluble) and a high HLB (>11) to a hydrophilic (water soluble) 
surfactant. Generally, emulsifiers to form W/O emulsions exhibit HLB values in the range 
of 3-8 whereas emulsifiers which are adequate for O/W emulsions have HLB values of 
about 8-18. 
Environmentally friendly surfactants have attracted significant interest recently. 
Polyoxyethylene glycerol esters derived from cocoa oil are non-ionic surfactants 
obtained from a renewable source. These fulfil the environmental and toxicological 
requirements to be used as ecofriendly foaming and/or emulsifying agents, hence their 
consideration as green surfactants (Castán and González, 2003). Their use in detergents 





A texture modifier is a substance that either increases the viscosity of the continuous 
phase (thickening agent) or forms a gel network within the continuous phase (gelling 
agent), thereby slowing down the movement of droplets due to gravity or Brownian 
motion. A variety of substances have the molecular characteristics to make them 
suitable as thickening or gelling agents for use in emulsions. The most commonly used 
texture modifiers are biopolymers that are added to the aqueous phase in O/W 
emulsions. Thickening agents or gelling agents are usually an individual type of 
biopolymer or a mixture of different types of biopolymers. The most commonly used 
biopolymers as thickening agents are polysaccharides (carrageenans, alginates pectins, 
seed gums, exudates gums, xhantam gum, gellan gum, starch, cellulose…) and proteins 
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(gelatin, caseins…) or biopolymer blends. Mixtures of hydrocolloids may be used to 
impart novel and improved rheological characteristics to emulsions.   
 
1.4. Emulsion formation. 
The outcome of an emulsification process is generally a combination of two competing 
processes: disruption of the drop interface from dynamic destabilizing forces and 
thermodynamically driven coalescence. 
The methods used to prepare emulsions can be divided into two categories based on 
the underlying principles involved in droplet formation: high and low energy methods. 
High-energy approaches utilize mechanical devices (“homogenizers”) that generate 
intense disruptive forces capable of disrupting and intermingling the oil and aqueous 
phases, e.g., high shear mixers, high pressure valve homogenizers, microfluidizers, and 
sonication methods (Leong et al, 2009; Wooster et al, 2008; Gutiérrez et al, 2008). Low 
energy approaches rely on the spontaneous formation of tiny droplets within mixed 
surfactant–oil–water systems when solution or environmental conditions are altered, 
e.g., phase inversion and spontaneous emulsification methods (Anton et al, 2008). The 
droplet characteristics that can be achieved using each approach depend on equipment 
design, operation conditions, and system formulation. (McClements, 2012). 
1.4.1. Principles of emulsion formation using high-energy methods.  
The formation of an emulsion can be divided in two steps: firstly, the creation of the 
droplets from two separates liquids; secondly, the reduction in size of the existing 
droplets. They are called first and second homogenization, respectively.  The formation 
of an emulsion may involve one or more steps depending on the nature of starting 
material, the application of the emulsion and the method used to create it. Usually, one 
type of homogenizer is used to prepare the coarse emulsion that contains large droplets 
(e.g. a rotor-stator device) and another device is used to reduce the size of droplets (e.g., 




Figure 1.2. Scheme of the emulsification process divided in two steps: primary homogenization 
and secondary homogenization. 
The physical processes that occur during homogenization can be highlighted by 
considering the formation of an emulsion from the four main ingredients of an emulsion: 
a dispersed phase (an oil in O/W emulsions), a continuous phase (water in O/W 
emulsions), a surfactant and energy input. The way energy can be converted from bulk 
mechanical stresses during emulsification to generate and stabilize the new interfacial 
area created is the central study of the emulsification technologies.  When an oil and 
water are placed in a recipient they tend to adopt their thermodynamically most stable 
state, minimizing the contact between the two immiscible liquids. This is the reason why 
an emulsion droplet tends to be spherical. To create an emulsion it is necessary to supply 
energy in order to disrupt and mix the dispersed phase and the continuous phase. The 
surfactant adsorbs to the surface of the droplets during homogenization forming a 
protective layer that prevents the droplets merges.  
 
1.4.2. Homogenization devices 
Rotor-stator devices 
Rotor–stator devices (RSDs) are probably the most widely used emulsifying system. The 
distinguishing feature of a rotor-stator mixer is a high-speed rotor (the driving mixing 
element) in close proximity to a stator (the fixed mixing element). The complexity of 
these components ranges from simple stirrer systems, such as propeller stirrers rotating 
in a vessel as a stator, to rotor–rotor systems with two rotating parts, but with no stator. 
One of the main benefits of RSDs is the fact that they can be run in batch, semibatch, 
and alternating as well as in a continuous mode, each having its respective merits. 
(Rayner, 2015)  
13 
 
The batch mode offers the advantage of realizing many process operation steps in 
parallel. Thus, products are mixed, pasteurized, homogenized and cooled in one vessel, 
which is used for mayonnaise-type products or sauces in food industry. However, it 
cannot be ensured that the product volume in total is processed on equal terms, which 
presents the main disadvantage in batch processing. Especially the broad distribution of 
stresses acting on emulsion droplets and residence time may result in a broad 
distribution of droplet sizes. Therefore, extreme process conditions as required; for 
example, emulsions with droplets in the submicron-size range have to be realized by 
continuous process. 
In rotor–stator type equipment such as colloid mills and toothed-disc dispersing 
machines, drops are disrupted in the gap between the rotating rotor and the stationary 
stator. In colloid mills, drops are disrupted in the conical gap, which can be either 
smooth or serrated with various designs. Here, the droplet disruptive stresses are 
determined by the gap width (typically 100–3000 μm), rotor radius, rotational rate 
(typical peripheral speeds between 5 and 40 m s−1), and the liquid flow rate through the 
gap, which can range between 4 and 20,000 l h−1 (Karbstein and Schubert, 1995). Colloid 
mills are most suitable for production of intermediate to high viscosity products and can 
achieve droplet diameters between 1 and 5 μm (McClements 2005). Toothed disc 
dispersing machines are similar to a colloid mill, except that the flow is not specifically 
bounded, consisting of single or several.  
Ultrasonic devices 
Ultrasonic homogenizers use high-intensity sound waves to generate intense shear and 
pressure gradients within the liquid that disrupts droplets mainly by cavitation and 
turbulent effects (McClements 2005). There are two methods commonly used in the 
industry to produce ultrasonic waves. Piezoelectric transducers are used for small batch 
volumes ranging from a few cubic centimeters to a few hundred cubic centimeters, and 
liquid jet generators are used on a larger scale where a jet coarse emulsion is pumped 
to impinge on a sharp-edged blade. This jet flow causes the blade to vibrate rapidly, thus 
generating the ultrasonic field that breaks droplets in its immediate vicinity. Ultrasonic 
jet-type homogenizers can produce larger volumes continuously with fluid flow rates 
ranging from 1 to 500,000 l h−1. The factors that govern droplet disruption are intensity, 
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duration, and frequency of the ultrasonic waves in relationship to the volume of 
emulsion they are applied on (McClements 2005). 
High Pressure valve Homogenizers (HPvH) 
The HPH is used for size reduction or the disintegration of dispersed particles such as 
cells, macromolecules, or emulsion drops. The by far largest application is the size 
reduction of emulsion drops. 
A schematic drawing of an HPH valve can be seen in Figure 1.3. Fluid enters the valve 
from the bottom through a feed pipe. The forcer (upper part of the figure) forces the 
flow radially through the narrow gap created between the forcer and the seat. Often, 
the seat is inclined, giving rise to a narrowing region upstream of the gap, referred to 
here as the inlet chamber. Downstream of the gap, the fluid exits into a larger volume, 
referred to as the outlet chamber. Special impact rings are sometimes mounted on the 
valve in order to modify the outlet chamber geometry. The gap height, h, can be varied 
by lowering or raising the position of the forcer. Fluid-flow frictional forces increase with 
decreasing gap height, and thus a higher pressure is required for a smaller gap height. 
In practice, the homogenizing pressure, is set by adjusting the force applied on the 
forcer, which, in turn, sets the gap height. Homogenization pressures are usually in the 
range of 5–40 MPa for food applications, such as dairy processing of milk, but can be 
above 100 MPa for special applications, such as cell breakage (Middelberg, 1995) or the 
disruption of macromolecules (Floury et al., 2002).  
 




Conventional microfluidizers can be described as two-step single-channel devices 
because the premixed coarse emulsions are fed into the microfluidizer from a single inlet 
reservoir (McClements, 2015; Galooyak and Dabir, 2015). (Figure 1.4) 
 
Figure 1.4. Scheme of the Microfluidizer. 
 
Droplet breakup occurs in the Microfluidizer due to the impact of two impinging jets in 
the interaction chamber achieving similar pressures as those obtained in a HPVH. In this 
process, high turbulence and tremendous shearing action are created. Consequently, 
this forces flow stream to pass though well-defined microchannels. As a result, 
extraordinarily fine emulsions are created. In fact, it has been observed that emulsions 
produced by microfluidization possess narrower DSD to those prepared using a HPVH 
(Strawbridge et al, 1995; Perrier-Cornet et al, 2005). It is also shown that a continued 
increase in the homogenization pressure in the Microfluidizer provoked a decrease in 
droplet size (Qian and McClements,2011). However, this fact was not observed under 
all circumstances. Furthermore, microfluidization is unfavorable in some specific 
situations, such as higher pressures and longer emulsification times. This could lead to 
over-processing, namely the re-coalescence of emulsion droplets (Jafari et al, 2008). 
Interactions chamber can be divided in Z-type and Y-type chambers. The latter is the 
most used for O/W emulsions (Figure 1.5). In this chamber, the pre-emulsion is 




Figure 1.5. Scheme of Y-type interaction chamber.  
 
The design of this chamber allow to make easily a change of scalability multiplying the 
microstructures in a larger housing. (Figure 1.6). Microchannels with characteristic 
dimensions enable compact operations by reducing space compared to conventional 
technologies. (Dietrich, 2009)  
 
Figure 1.6. Scheme of scalability change for Y-type interaction chamber.  
Membrane emulsification. 
Recently, membrane emulsification (ME) has received much attention due to its ability 
to control the mean droplet size over a wide range together with the ability to provide 
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a narrow size distribution (Kosvintsev et al., 2005). The reduction in energy 
requirements by using ME is very significant when compared with other homogenization 
processes. In fact, energy densities required to achieve a mean droplet size of 1–10 µm 
using premix ME typically range from 104to 106J m−3, while those of rotor-stator devices 
and high pressure homogenizers range from 106 to 108 J m−3 (Karbstein and Schubert, 
1995). In addition, the ability to form uniform dispersions with a technique that can be 
scaled from small scale to industrial production makes the process very attractive (Peng 
and Williams, 1998); cross flow membrane emulsification being the technique of choice 
for scaling-up. Two main types of ME processes have been developed: direct ME 
involving the permeation of pure dispersed phase through a microporous membrane 
into agitating or recirculating continuous phase and premix ME involving the passage of 
previously prepared coarse emulsion through the membrane (Charcosset et al., 2004). 
Premix ME provides several advantages over direct ME: (i) the dispersed phase flux is 
higher, so the time required for the production is very short; (ii) the mean droplet-to-
pore size ratios are smaller than in direct ME. In direct ME, the mean droplet-to-pore 
size ratio can range between 2 and 50 (Ma, 2003; Yuan et al., 2009; Zhou et al., 2009),but 
it is often below 10. In premix ME, the mean droplet-to-pore size ratio is typically 
between 0.6 and 2 (Vladisavljevíc et al., 2006); (iii) the process parameters are easier to 
control than in direct ME. One of the disadvantages of premix ME is a higher emulsion 
polydispersity compared to direct ME. 
 
1.5. Emulsion properties 
1.5.1. Interfacial properties 
Surfactants lower the interfacial tension, γ, which in turn causes a reduction in droplet 
size. The amount of surfactant required to produce the smallest drop size will depend 
on its activity a (concentration) in the bulk, which in turn determines the reduction in γ, 
as given by the Gibbs adsorption equation: 
−𝑑𝛾 = 𝑅𝑇 𝛤𝑑 𝑙𝑛 𝑎 (EQ 1.2) 
where R is the gas constant, T is the absolute temperature and Γ is the surface excess 
(the number of moles adsorbed per unit area  of the interface). Γ increases with an 
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increase in surfactant concentration until it eventually reaches a plateau value 
(saturation adsorption). The value of γ obtained depends on the nature of the oil and 
surfactant used. (Tadros, 2009) For instance, small molecules such as non-ionic 
surfactants reduce γ to a greater degree than do polymeric surfactants such as polyvinyl 
alcohol (PVA).  
 
1.5.2. Droplet Size Distribution (DSD) 
A polydisperse emulsion is characterized by its “droplet size distribution”, which defines 
the concentration of droplets in different size classes (McClements, 2005). The particle 
concentration is usually presented as either the volume percent (Volume%) or number 
percent (Number%) of droplets within a particular size class. The large particles present 
in the emulsion cannot be seen in the DSD when the particle concentration is 
represented as a number percent, even though the large particles represent an 
appreciable amount of the overall droplets present (>25% by volume). Polydisperse 
emulsions may also be characterized as being “monomodal,” “bimodal” or “multimodal” 
depending on whether there are one, two or more peaks in the droplet size distribution. 
In some situations it is more convenient to represent this full droplet size distribution by 
a measure of the central tendency and a measure of the spread of the distribution. The 
mean, median or modal particle sizes are often used as measures of the central 
tendency, whereas the relative standard deviation is often used as a measure of the 
spread of the distribution (Walstra, 2002). 
The three most commonly used mean particle size values are the number-weighted 
mean diameter (d10), the surface-weighted mean diameter or so-called Sauter diameter 
(d32) and the volume-weighted mean diameter (d43). 
𝑑10 =  
∑ 𝑛𝑖𝑑𝑖
∑ 𝑛𝑖














3  (𝐸𝑄 1.5)  
 
Generally, the volume-weighted mean diameter is more sensitive to the presence of 
large droplets than the number-weighted mean diameter. Appreciable differences 
between the values of d10, d32 and d43 generally indicate that the particle size distribution 
is broad or multimodal. 
1.5.3. Rheology of emulsions.  
Rheology is the science that studies the deformation and flow of materials. All forms of 
shear behaviour can be viewed as being in between two extremes: the flow of ideal 
viscous liquids on one hand and the deformation of ideal elastic solids on the other. Ideal 
liquids follow Newton law where the shear stress is proportional to the shear rate. By 
contrast, the solid behaviour is based on the Hooke´s law where the force (stress) is 
proportional to the deformation. The behaviour of all real materials is based on the 
combination of both the viscous and the elastic part and therefore, it is called 
viscoelastic. (Makosko, 1994) 
The rheological properties of an emulsion are obviously among some of its more 
important physical attributes in either technical or aesthetic terms. As to technical 
matters encountered in manufacturing, such as mixing, pumping, filling or packing of 
emulsions, all require a good knowledge of the flow properties to assess mixing 
efficiency, power consumption, pump ratings etc. As to the many consumer-perceived 
attributes of a commercial emulsion, the visual and sensory properties are among the 
most important. Consumers have various expectations of emulsion: creaminess, body 
and consistency for instance, and these dictate their buying preference of different 
products. (Barnes, 1994)  
The basic rheology-determining parameters of an emulsion are (i) continuous phase 
rheology; (ii) nature of the droplets, size distribution, deformability, internal viscosity, 
concentration; (iii) nature of droplet-droplet interaction. 
The viscosity of a dispersed system of droplets is well described by a simplified form of 
the so-called Krieger-Dougherty equation: 
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 (𝐸𝑄 1.6) 
 
where η is the viscosity of the emulsion (usually defined at a specific shear rate); 𝜂𝑐 is 
the viscosity of the continuous phase (usually but not always constant); Φ is the phase 
volume of the dispersed phase and 𝛷𝑚, is the maximum phase volume when the 
viscosity diverges. This shows that: (i) the sensitivity of the viscosity to that of the 
continuous phases is multiplicative not additive, so that the effect of, for instance, 
temperature is, all else being equal, pro rata,(ii) the sensitivity to phase volume becomes 
very important for Φ greater than about 0.3, and (iii) for high phase volume the viscosity 
is very sensitive to the precise value of Φ, and particularly so given the nature of the 
exponent -2. 
It has often been stated that decreasing droplet size, viscosity increase. Usually size 
effects are due to significant colloidal interaction between droplets, that is to say when 
the droplets are considerably smaller than 1 µm. However, many emulsions have sizes 
in excess of this, and any charge effects that might produce similar effects are negligible. 
Two reasons might be put forward: first that particle deformability decreases with 
particle size and secondly increasing the width of the distribution of droplet size, the 
maximum packing fraction increases, which in terms of viscosity means a decrease in 
viscosity.  
The rheology of emulsions from an applied point of view is an important tool to detect 
the various destabilization processes that occur in emulsions. For instance, 
measurements of the viscosity at very low stresses may be quite suitable in order to 
predict creaming. In addition, that measurement with aging time can detect coalescence 
(Tadros, 2010)   
1.5.4. Physical stability. 
Emulsions are, by their nature, unstable. Instability is caused by different instability 
mechanisms, which describe the loss of the dispersed state by overcoming the threshold 
energies that keep the emulsions stable. Typically, we distinguish between 
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creaming/sedimentation, flocculation, coalescence, Ostwald ripening and phase 
inversion.  (Figure 1.7)  
 
Figure 1.7. Main destabilization processes in oil-in-water emulsions 
 
1.5.3.1. Creaming and Sedimentation 
This process results from external forces, namely gravitational or centrifugal. When such 
forces exceed the thermal motion of the droplets (Brownain motion), a concentration 
gradient builds up in the system with the larger droplets moving faster to the top (if their 
density is lower than that of the medium) or to the bottom (if their density is larger than 
that of the medium) of the container. Creaming/sedimentation leads to a change in 
concentration in space. The change in concentration may change the rate of other 
destabilizing mechanisms such as flocculation or coalescence.  
In principle, the long-term stability of emulsions to gravitational separation can be 
predicted from Stokes’ Law (and its modifications) (McClements, 2005).  It is necessary 
to have information about the densities of the dispersed and continuous phases, the 
droplet size, and the rheological properties of the continuous phase) to use Stokes’ Law, 
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which predicts the rate at which gravitational separation occurs in an emulsion 
(Equation 1.7). 
𝜈𝑆𝑡𝑜𝑘𝑒𝑠 =  −
2 𝑔 𝑟2(𝛿2−𝛿1)
9𝜂1
  (EQ 1.7) 
 
where, νStokes is the creaming velocity, r is the radius of the particle, g is the acceleration 
due to gravity, δ is the density, η is the shear viscosity, and the subscripts 1 and 2 refer 
to the continuous and dispersed phases, respectively. The sign of νStokes determines 
whether the particle moves upwards (+) or downwards (−), i.e., whether the particles 
cream or sediment, respectively. As the droplets move upwards, a droplet-depleted 
“serum layer” will be formed at the bottom of the container and a droplet-rich “cream 
layer” will be formed at the top of the container because the droplets cannot move 
upwards any further and so they pack closely together. The droplet concentration in the 
intermediate layer that separates the serum and cream layers will initially be similar to 
that in the original emulsion, and hence it can be referred to as the “emulsion layer”. In 
a monodisperse emulsion, the serum layer is usually transparent because it contains no 
droplets that scatter light, the emulsion layer has an appearance similar to that of the 
original emulsion (which therefore depends on the initial droplet concentration), and 
the cream layer is optically opaque because the droplet concentration is high enough to 
cause appreciable light scattering. The extent of creaming can then be simply 




· 100 (𝐸𝑄 1.8) 
where, HE is the total height of the emulsion and HS is the height of the serum layer 




Figure 1.8. Scheme of creaming process in emulsions. 
 
1.5.3.2. Flocculation 
Flocculation is the process whereby two or more droplets associate with each other, but 
maintain their individual integrities. It tends to occur when the attractive interactions 
between droplets dominate the long-range repulsive interactions but not the short-
range repulsive interactions. Hence, the droplets remain in close proximity to each other 
(flocculate), without coming close enough together to merge into each other (coalesce). 
Droplet flocculation is usually detrimental to emulsion quality, but in some cases it may 
be desirable. In relatively dilute emulsions (such as soft drinks, infant formula and 
nutritional beverages), flocculation leads to an increase in particle size that accelerates 
the rate of gravitational separation, which is usually undesirable because it reduces 
shelf-life (Chanamai et al., 2000b). Flocculation also causes a pronounced increase in 
emulsion viscosity (“thickening”), and may even lead to the formation of a gel in a 
sufficiently concentrated emulsion (Demetriades & McClements, 1999; Quemada & 
Berli, 2002). In some products, a controlled amount of droplet flocculation may be 
advantageous because it leads to the generation of desirable textural characteristics 
(Parker et al., 1995). The tendency for droplet flocculation to occur in an emulsion 
depends mainly on the balance of attractive and repulsive forces acting between the 
droplets: if the attractive forces dominate then the droplets will tend to aggregate, but 
if the repulsive forces dominate then they will be stable to aggregation. The main 
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attractive interactions in emulsions are van der Waals, depletion and hydrophobic 
forces, whereas the main repulsive interactions are electrostatic and steric forces. The 
rate at which droplet flocculation occurs can be characterized in terms of the droplet-
droplet collision frequency and collision efficiency. The collision frequency (fc) is the 
number of droplet collisions per unit volume of emulsion per unit time. It depends 
mainly on the dominant mechanism responsible for droplet movement in the system: 
Brownian motion, applied mechanical forces. The collision frequency increases with 
increasing droplet concentration, decreasing droplet size, and decreasing continuous 
phase viscosity (McClements, 2005). 
1.5.3.3. Coalescence 
Coalescence is defined as the process whereby two or more liquid droplets merge 
together to form a single larger droplet. Coalescence causes the droplets in an emulsion 
to cream or sediment more rapidly because of the increase in their size. In oil-in-water 
emulsions, coalescence eventually leads to the formation of a layer of oil on top of the 
material, which is referred to as oiling off. In water-in-oil emulsions, it leads to the 
accumulation of water at the bottom of the material. 
When coalescence is the main destabilization mechanism, the time evolution of the 
average droplet size can follow very different behaviors: from perfectly homogeneous 
growth (monomodal distribution whose average size increases in time) to strongly 
heterogeneous growth (plurimodal distribution with the possibility of very early phase 
separation). Except in particular cases, the heterogeneous case is the rule (Deminiere, 
1999a; Deminiere, 1999b; Schmitt, 2004). Coalescence tends to occur after the droplets 
have been in contact for extended periods (e.g., in a cream layer, a floc or concentrated 
emulsions), particularly when shear forces are applied (van Aken & van Vliet, 2002). 
1.5.3.4. Ostwald ripening  
Ostwald ripening (OR) is the process whereby large droplets grow at the expense of 
smaller ones because of mass transport of dispersed phase from one droplet to another 
through the intervening continuous phase (Kabalnov, 2001; Kabalnov & Weers, 1996) 
Coalescence usually leads to a bimodal distribution (heterogeneous coalescence), 
whereas Ostwald ripening leads to a monomodal distribution with the cube of the mean 
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particle diameter increasing linearly with time (Kabalnov, 2001). Ostwald ripening 
occurs because the solubility of the material in a spherical droplet increases as the size 
of the droplet decreases (Kabalnov, 2001; Weers, 1998). For oil droplets dispersed in 
aqueous solution in absence of excess surfactant, the ripening process is generally 
modelled with the well-know Lifshitz-Slyozov-Wagner (LSW) theory, based on the 
assumption that the diffusion of oil through the water determines the overall ripening 
rate.(Ardell,1972; Solans, 2005). This theory predicts that, at asymptotically long times, 
there is a constant ripening rate ωT that is determined by the growth in the cube of the 









 (𝐸𝑄 1.9) 
 
Here, 𝛾 is the interfacial tension between oil and aqueous phases at the drop surface, 
Vm is the molecular volume of the oil, 𝑐𝑤
𝑒𝑞
 is the aqueous oil solubility , Dw is the 
diffusivity of the oil molecule, k is Bottzmann´s constant and T is absolute temperature.  
This equation based on diffusion controlled ripening has been recognized in sub-micron 
diluted emulsions stabilized by ionic or non-ionic surfactant. Diffusion could be 
accelerated due to the micellar solubilization of oil that increases the solubility of the oil 
in the aqueous phase. In addition, the micelles might act as a carriers that substantially 
increase the ripening rate (Ariyaprakai, 2010)  
1.5.3.5. Phase inversion 
This refers to the process whereby there will be an exchange between the disperse 
phase and the medium. For example, an O/W emulsion may invert to a W/O emulsion 
with time or change of conditions.  
Earlier theories of phase inversion were based on packing parameters. When φ exceeds 
the maximum packing (∼0.64 for random packing and∼0.74 for hexagonal packing of 
monodisperse spheres; for polydisperse systems, the maximum packing exceeds 0.74), 
inversion occurs. However, these theories are not adequate, because many emulsions 
invert at φ values well below the maximum packing as a result of the change in 
surfactant characteristics with variation of conditions. Many emulsions show phase 
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inversion at a critical temperature (the PIT) that depends on the HLB number of the 
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Chapter 2: Physical characterization of 
eco-friendly O/W emulsions developed 







Many traditional industrial products are being gradually replaced by environmental 
friendly alternatives. N,N-dimethyldecanamide and D-limonene are solvents that fulfil 
the requirements to be considered green solvents and may find application in 
agrochemicals. This contribution deals with the study of emulsions formulated with a 
mixture of these solvents and an eco-friendly emulsifier. The procedure followed for the 
development of these formulations was based on the application of product design 
principles. This led to the optimum homogenization rate and subsequently to the 
optimum ratio of solvents. The combination of different techniques (Rheology, Laser 
Diffraction, Confocal Laser-Scanning Microscopy and Multiple Light Scattering) was 
demonstrated to be a powerful tool to assist in the prediction of the emulsions 
destabilisation process. Thus, we found that the optimum ratio of solvents was 75/25 
(N,N-dimethyldecanamide/D-limonene) on account of the lack of coalescence and of a 
low creaming rate. 
2.1. Introduction 
Emulsion is one of the most common formulation types for agricultural pesticides. This 
formulation type allows the pesticides to be easy to use, transport and mix1, which 
contributes an added-value for a new product. Traditionally, more than 25% of all 
pesticides contain high concentrations of organic solvents, which represent a fire 
hazard, may also be toxic and contribute to atmospheric volatile compound emissions2. 
Thus, many of the classical solvents are being gradually replaced by the so-called ‘green’ 
solvents such as fatty acid dimethylamides and D-limonene. Fatty acid dimethylamides 
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(FAD) are solvents that fulfill the requirements to be considered green solvents and may 
find application in agrochemicals3.  
D-limonene, a naturally occurring hydrocarbon, is a cyclic monoterpene, which is 
commonly found in the rinds of citrus fruits such as grapefruit, lemon, lime, and in 
particular, oranges. D-limonene exhibits good biodegradability, hence it may be 
proposed as an interesting alternative to organic solvents4, 5. These solvents can meet 
the ever-increasing safety and environmental demands of the 21st Century.  
N,N-dymethilamide is partially soluble in water, which may provokes some problems of 
the emulsion stability such as Ostwald ripening. A possible solution to this problem may 
be the addition of a second disperse phase component such as D-limonene, which is 
rather insoluble in the continuous phase. In addition, the presence of a surfactant helps 
to retard the destabilizing process and ensures long-term stability.  
Ethoxylated glycerine esters are also eco-friendly and nontoxic6, hence their 
consideration as green surfactants. Their use in detergents and personal care products 
is disclosed in several patents7, 8.  
In order to improve the emulsions stability, it is of prime importance to detect 
destabilization processes at an early stage to shorten the aging test. The rheology of 
emulsions from both a fundamental and an applied point of view is an important tool to 
detect the various destabilization processes that occur in emulsions. For instance, 
measurements of the viscosity at very low stresses may be quite suitable in order to 
predict creaming9. On the other hand, laser diffraction is the best method to 
characterize droplet sizes distribution (DSD) and coalescence process. Besides, the 
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technique of Multiple Light Scattering (MLS) is able to characterize droplet or aggregate 
size variation and droplet/aggregate migration as a function of aging time10.  
This work expects to show that the combined use of different techniques such as 
rheology, laser diffraction, and multiple light scattering provide very interesting 
information at an early stage about the mechanisms of destabilization occurring in 
emulsions.  
The main objective of this work was the study of the influence of the ratio of a mixture 
of green solvents (N,N-dimethyldecanamide and D-limonene) on the physical stability of 
slightly concentrated O/W emulsions formulated with these eco-friendly solvents and a 
polyoxyethylene glycerol ester as emulsifier. These emulsions may be used as matrices 
for incorporation of active agrochemical ingredients. This work is a contribution to the 
development of new products, which may fulfill the customers’ needs as well as the 
related industries’ requirements. This is the one of the foundations of the so-called 
chemical product design and engineering11. On top of that, the overall goal of this 
project is under the frame of sustainable chemical engineering insofar as applications of 
bio-based chemicals are explored12. Also, according to this principle, a specific strategy 
was followed considering the emulsion formulation and the reduction of energy input 
in order to obtain fine stable emulsions13. 
2.2. Materials and methods.  
2.2.1.Materials 
N,N Dimethyl Decanamide (Agnique AMD-10TM) was kindly provided by BASF. D-
Limonene was supplied by Sigma Chemical Company. The emulsifier used was a nonionic 
surfactant derived from cocoa oil. Namely, a polyoxyethylene glycerol fatty acid ester, 
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Glycereth-17 Cocoate (HLB:13), received as a gift from KAO, was selected. Its trade name 
is Levenol C-201TM. RD antifoam emulsion (DOW CORNING®) was used as antifoaming 
agent. This commercial product consists of an aqueous solution containing Polydimethyl 
siloxane (<10 %w/w) and Dimethyl siloxane, hydroxyl-terminated (<10 %w/w). 
Deionized water was used for the preparation of all emulsions. 
2.2.2.Emulsion development 
In the preliminaries studies emulsions containing 3 wt% Levenol C-201 as emulsifier, 0.1 
wt% antifoam emulsion and 30 wt% solvent(s) were prepared. The ratio of solvents 
studied were 100/0, 75/25, 50/50, 25/75 and 0/100 of AMD-10/D-limonene. These O/W 
emulsions were carried out using a rotor-stator homogenizer (Silverson L5M), equipped 
with a mesh screen, at different homogenization rates (7000, 6000, 5000, 4000 and 3000 
rpm) during 60 seconds. 
When focusing on ratio of solvents, homogenization rate was fixed at 6000 rpm during 
60 s in the emulsions with the following new AMD-10/D-limonene ratios: 65/35, 70/30, 
80/20, 85/15. 
2.2.3.Interface tension measurements 
Interface tension measurements were performed with a drop pro-file analysis 
tensiometer (CAM200, KSV, Finland). The drop was formed inside a thermostated 
cuvette at 20ºC and controlled using a custom-built control unit consisting of a syringe 
with a piston that is driven by a stepper motor. The control procedure was as follows: 
once the drop was formed the contour of the drop was acquired and then the drop initial 
area was calculated. Every 10 s the area was calculated and the actual and initial values 
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were compared. If the values differed then the stepper motor drove the piston in the 
respective direction to correct the difference.  
2.2.4.Droplet size distribution measurements. 
Size distribution of oil droplets were determined by laser diffraction using Mastersizer X 
(Malvern, Worcestershire, United Kingdom). All measurements were done for three 
times for each emulsion. These measurements were carried out after 1, 3, 13, 21, 40 
days aging time to analyze likely coalescence effects.  
The mean droplet diameter was expressed as Sauter diameter (D[3,2]) and volume mean 
diameter (D[4,3]). 






 (Eq 1) 
The uniformity is an index of polydispersity of the different droplets sizes, defined by 




 (Eq 2) 
Where d(v,0.5) is the median for the distribution, and Vi is the volume of droplets with 
a diameter di. 
2.2.5.Rheological measurements. 
Rheological experiments were conducted with a Haake MARS controlled-stress 
rheometer (Thermo-Scientific, Germany), equipped with a sand-blasted coaxial cylinder 
Z-20 (sample volume: 8.2 mL, Re/Ri =1.085, Ri= 1 cm) to avoid slip effects. Flow curves 
were carried out from 0.05 Pa to 1 Pa at 20ºC. Flow curves were carried out after 1, 3, 
13, 21 and 40 days aging time to follow the effect of aging time. All measurements were 
39 
 
repeated 3 times with each emulsion. Samples were taken at about 2 cm from the upper 
part of the container. Sampling from the top part of the container in contact with air 
was avoided. 
Rheological measurements were carried out for the 85/15, 80/20, 75/25, 70/30 and 
65/35 emulsions. 
2.2.6.Multiple light scattering  
Multiple light scattering measurements with a Turbiscan Lab Expert were used in order 
to study the destabilization of the emulsions. Measurements were carried out until 40 
days at 20 ºC to determine the predominant mechanism of destabilization in each 
emulsion as well as the kinetics of the destabilization process. Multiple light scattering 
is a sensitive and non-intrusive technique to monitor physical stability of emulsions14, 15 
and more complex systems such as suspoemulsions16. 
To characterize the creaming process, it is used the creaming index (CI)17: 
𝐶𝐼 = 100 ·  
𝐻𝑆
𝐻𝐸
 (Eq 3) 
Where, HE is the total height of the emulsion and HS is the height of the serum layer.  
Multiple light scattering measurements in the middle zone of the measuring cell also 
allowed the evolution of a mean droplet diameter with aging to be monitored. 
2.2.7.Microscopic observation. 
The microstructure of some emulsions was observed using a confocal laser-scanning 
microscope (CLSM) (Leica TCS-SP2). 
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For CLSM microscopy, a proper amount of emulsion was placed in a test tube and 
subsequently Nile red solution (1 mM in DMSO) were added and mixed thoroughly. That 
solution is selective to the AMD solvent. The mixture was dropped on a microscope slide, 
which was covered with a cover slip and observed under the microscope with 100x oil 
immersion objective lens. The samples were excited at 488 nm. The emission was 
recorded at 500-600 nm.  
2.3. Results and discussion 
Exploring the composition and homogenization process 
 
Figure 2.1 shows the droplet size distribution of the emulsions with different ratios of 
solvents processed at the minimum speed studied (3000 rpm). This was chosen to assess 
if a low-energy input would yield emulsions with reasonable mean diameters and 
physical stability. Firstly, it should be stated that no result for the emulsion with D-
limonene as the unique solvent is shown because D-limonene could not be emulsified 
under this processing condition. D-limonene is a strongly non-polar solvent possessing 
a high interfacial tension (Table 2.1).  
















This may be a disadvantage during the emulsification process, since lower interfacial 
tension results in higher ability to break into droplets 18. Table 2.1 also shows the 
interfacial tensions of different mixtures of AMD-10/D-limonene and water. An increase 
in AMD-10 content of the solvent mixture provoked a progressive decrease of the 
interfacial tension, such that the lowest interfacial tension was reached by pure AMD-
10. However, this extremely low interfacial tension led to an emulsion showing a 
bimodal droplet size distribution with a high polydispersity (Figure 2.1), that resulted in 
high values of the uniformity parameter (table 2.2). In addition AMD-10 is a slightly polar 
solvent and partially soluble in water (340 mg/L at 20 °C). The use of partially water-
soluble solvents (as the dispersed phase in emulsions) may specially lead to 
destabilization of emulsions by the Ostwald ripening phenomenon 17,19. In addition oil 




Figure 2.1. Droplet size distribution for the 100/0, 75/25, 50/50 and 25/75 emulsions processed 
at 3000 rpm. Aging time: 1 day. Tª=20 ºC. 
 
Table 2. Values of Sauter diameter and Uniformity for all emulsions studied. 
Standard deviation of the mean (3 replicates) for D[3,2]<5% 




Homogenization rate (rpm) 





















100/0 2.72 5.70 3.09 7.29 1.78 3.93 3.42 4.68 3.75 6.02 
75/25 0.33 9.26 0.35 7.54 0.47 7.18 0.73 4.34 1.07 3.79 
50/50 0.27 11.01 0.29 9.68 0.34 8.72 0.64 7.80 1.05 5.16 
25/75 0.6 9.87 0.72 8.87 1.02 7.17 1.57 4.53 1.55 4.96 
0/100 1.83 3.77 2.43 4.10 2.50 5.03 3.15 4.57 - - 
 
Enhanced droplet size distributions were observed when both solvents were used, 
congruently with the controlled reduction of interfacial tensions achieved. It is worth 
noting that the addition of just 1 wt% of AMD-10 to D-limonene reduced interfacial 
tension by 33% (Table 2.1). This could be due to the fact that AMD-10 was able to 
migrate to the interface. Thus, droplets could be formed by both solvents distributed 
according to the solvents’ concentration gradient. In this way, AMD-10 would tend to 
stay nearest the interface and limonene in the core of droplets, which could be similar 
to a “core-shell” model 20,21. 
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In figure 2.2a, the creaming index was plotted as a function of aging time at different 
ratios of solvents for the emulsion processed at 3000 rpm, which allowed the kinetics of 
the destabilization process by creaming to be analysed and quantified. 
 
 
Figure 2.2a. Creaming index as a function of the aging time for emulsions processed at 3000 rpm. 
Samples kept under storage at 20ºC. Note: the data for 50/50 composition is not shown for aging 
time later than 3 days since emulsion phase separation occurred. It precludes further creaming 
measurements. 
Firstly, it should be noted that 25/75 emulsion did not show destabilization by creaming. 
However, emulsions with higher AMD-10/D-limonene ratios showed a linear 
dependence of the creaming index with aging time in absence of a delay time for 
creaming. The slope of the linear region is directly related to the kinetics of the 
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destabilization process, which is called the ‘creaming rate’. The 75/25 emulsion showed 
lower creaming rate than both 50/50 and 100/0 emulsions (see the inset of figure 2.2a). 
Figure 2.2b shows the increase of droplet diameter from the diameter at time zero as a 
function of aging time for a homogenisation rate of 3000 rpm.  
 
Figure 2.2b. Increase of droplet diameter from the diameter at time zero as a function of aging 
time for a homogenisation rate of 3000 rpm. Samples kept under storage at at 20ºC. 
This plot allows for detecting flocculation and/or coalescence phenomena. On the one 
hand, an increase of droplet size over time was detected for the 50/50 and 25/75 
emulsions. On the other hand, the emulsions without D-limonene or with lower 
contents of this (100/0 and 75/25) did not undergo these destabilisation phenomena as 
demonstrated by the fact that droplet diameter did not show any significant changes 
with aging time. 
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An overall analysis of the MLS results allows us to conclude that although the 25/75 
emulsion showed the best results against destabilization by creaming, it underwent 
immediate destabilization by flocculation and/or coalescence. However, it is important 
to clarify that multiple light scattering technique does not distinguish by itself between 
flocculation and coalescence since both mechanisms provoke in this case an increase of 
backscattering in the middle zone of the measuring cell. By contrast, creaming process 
involves a decrease of backscattering in the low zone of the measuring cell, although 
this was not observed. In addition, creaming was not detected by naked eye. A tentative 
explanation may be that that creaming is covered up by flocculation and/or coalescence. 
Hence, the 75/25 emulsion showed the best physical stability results for the 
homogenisation rate of 3000 rpm. 
On account of the poor results obtained with the lowest energy input provided by 3000 
rpm homogenization rate, this was increased up to 7000 rpm. Sauter diameter and 
uniformity values obtained at 4000 rpm, 5000 rpm, 6000rpm and 7000 rpm are shown 
in table 2.2. Figure 2.3 shows by way of example the droplet size distributions of 




Figure 2.3. Droplet size distribution for the emulsions processed at 6000 rpm. Aging time: 1 day. 
T=20ºC 
It was observed that the use of pure solvents yielded macroemulsions with Sauter mean 
diameters above 1 micron. However, the use of solvent mixtures caused a decrease of 
droplet size to submicron values (table 2.2). Furthermore, the ratio of solvents 
determined the final size distribution of the emulsion. Thus, the lower Sauter diameters 
were found for 50/50 emulsions, 270 nm being the lowest value reached. Despite this, 
it should be noted that higher contents of AMD-10 provoked bimodal distributions with 
a second population above 1 micron (centred around 3 microns). The occurrence of the 
second population of droplets may be related to a re-coalescence phenomenon induced 
by an excess of mechanical energy input during the emulsification process. Re-
coalescence phenomenon is due to the fact that emulsion droplets are subjected to 
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excessive kinetic energy as a result of high-intensity turbulence in emulsification 
systems, which in turn yields the partial rupture of the interface of some droplets 22. This 
is consistent with the fact that the appearance of this second peak occurred only for 
emulsions processed above 5000 rpm.  
The lower values of the Sauter mean droplet size obtained for 50/50 emulsions for all 
homogenisation rates studied were counterbalanced by the lower polydispersity of 
emulsions with the ratio of solvents at 75/25, as indicated by the uniformity values 
obtained. McClements stated that an increase of polydispersity determines the stability 
of the emulsion as it provokes an increase of creaming rate due to higher values of the 
effective packing parameter 23. 
In figure 2.4a, the creaming index was plotted as a function of aging time at different 




Figure 2.4a. Creaming index as a function of aging time for the emulsions 100/0, 75/25, 50/50 
and 25/75 processed at 6000 rpm (closed symbols) and 7000 rpm (open symbols). Continuous 
lines illustrate data fitting to a linear fit for the emulsions processed at 6000 rpm and dash 
illustrate data fitting to a linear fit for the emulsions processed at 7000 rpm. 
 
The 75/25 emulsion showed a slower creaming rate and greater delay time for creaming 
for both homogenization rates (see the inset of figure 2.4a). This fact indicates that 
emulsions with this ratio of solvents exhibited better physical stability against creaming 
as the results for emulsion processed at 3000 rpm had already pointed. However, the 
emulsions processed at 6000 and 7000 rpm showed greater delay time for creaming and 
lower rate of creaming than those processed at 3000 rpm (see figures 2.2a and 2.3). This 
is related to larger droplet sizes favouring destabilization by creaming 17. In addition, the 
emulsion processed at 6000 rpm showed higher delay time for creaming than that 
processed at 7000 rpm. The latter emulsion was slightly over-processed since it showed 
a more noticeable second peak in DSD (recoalescence), which resulted in a higher 
uniformity value (table 2.2). 
Figure 2.4b shows the relative increase of droplet diameter from the diameter at time 




Figure 2.4b. Increase of droplet diameter from the diameter at time zero as a function of aging 
time for emulsions 100/0, 75/25, 50/50, 25/75 processed at 6000 rpm (closed symbols) and 7000 
rpm (open symbols).  
Firstly, it should be noted that both 25/75 and 50/50 emulsions underwent an increase 
of droplet size with aging time caused by flocculation and/or coalescence. In contrast, 
the 100/0 and 75/25 emulsions processed at both homogenisation rates (6000 rpm and 
7000 rpm) did not exhibit destabilization by flocculation and/or coalescence for the test 
time. 
Taking into account the above results, we concluded that the emulsion formulated with 
a 75/25 ratio of solvents and prepared at 6000 rpm provided the best stability results 
for the test time. For this reason, it was taken as a starting point for further analysis for 




Focusing on ratio of solvents 
Figure 2.5 shows the DSD of emulsions with different solvent ratios, around the 75/25 
value, processed at 6000 rpm. 
 
Figure 2.5. Droplet size distribution of 65/35, 70/30, 75/25, 80/20 and 85/15 emulsions. Aging 
time: 1 day. T=20ºC 
All emulsions studied showed bimodal distributions with the majority of the population 
below one micron and a second peak at higher sizes as a consequence of the 
aforementioned recoalescence phenomenon induced by an excess of mechanical 
energy-input. Moreover, an increase of the AMD-10 content provoked the distributions 
to shift towards greater droplet sizes. Table 2.3 shows the values of the Sauter and 
volumetric mean diameters (D[3,2] and D[4,3]). Sauter mean diameter values ranged 
51 
 
from 0.31 μm to 0.42 μm and volumetric mean diameters varied between 0.48 μm and 
0.57 μm. 
Table 2.3. Sauter and volumetric mean diameters for 65/35, 70/30, 75/25, 80/20 and 85/15 
emulsions. 
Standard deviation of the mean (3 replicates) for D[3,2]<4% 
Standard deviation of the mean (3 replicates) for D[4,3]<6% 
 
Ratio of solvents D[3,2] (m) 
D[4,3] 
(m) 
65/35 0.31 0.50 
70/30 0.32 0.48 
75/25 0.35 0.57 
80/20 0.37 0.54 
85/15 0.42 0.57 
 
 
Figure 2.6 shows the flow properties for 1 day-aged emulsions studied as a function of 
the ratio of solvents. All the emulsions exhibited a trend to reach a Newtonian region at 
low-shear rate regime, which is defined by the zero-shear viscosity, (η0). This range is 
followed by a slight decrease in viscosity (shear-thinning behaviour) above a critical 
shear rate. Fig. 6 also illustrates the fitting quality of the results obtained to the Cross 








1−𝑛 (Eq 4) 
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c is related to the critical the shear rate for the onset of shear-thinning response, η0 
stands for the zero-shear viscosity and (1-n) is a parameter related to the slope of the 
power-law region; n being the so-called flow index. For shear thinning materials, 0 < n 
<1. A solid material would show n = 0, while a Newtonian liquid would show n = 1. 
 
Figure 2.6. Flow curves for the studied emulsions as a function of ratio of solvents for 1 day aging 
time at 20ºC. Continuous lines illustrate data fitting to the Cross model. 
Table 2.4. Flow curves fitting parameters for the Cross model for studied emulsions as a 
function of ratio of solvents at 1 day of aging time. 
Standard deviation of the mean (3 replicates) for η0<10% 
Standard deviation of the mean (3 replicates) for g
.
c<10% 










c (s-1) 1-n 
65/35 0.053 3.12 0.43 
70/30 0.053 7.82 0.43 
75/25 0.050 8.73 0.43 
80/20 0.034 1.27 0.41 
85/15 0.034 3.12 0.41 
 
 
The values of these parameters are shown in Table 2.4 as a function of the ratio of 
solvents. Zero-shear viscosity of the three emulsions studied with higher limonene 
content showed no significant differences. However, two levels of zero-shear viscosity 
values were observed, 75/25 being the key ratio of solvents. In fact, a stepwise decrease 
in zero-shear viscosity with ratio of solvents was observed from 75/25 to 80/20 and 
80/15 emulsions. This is consistent with the slightly higher Sauter diameters found for 
the high AMD-10 content emulsions. On the other hand, the higher zero-shear 
viscosities of emulsions with a solvent ratio lower than 75/25 may be attributed to the 
slightly lower Sauter diameters as well as to a flocculation process leading to the onset 
of some creaming for emulsions aged for 1 day. Greater tendency to flocculate has been 
previously associated to finer emulsions by Pal, and Barnes 24,25.  
These authors attributed the trend to the flocculation to two different mechanisms: the 
occurrence of Brownian motion between droplets, and the fact that the droplets are 
subject to dominant Van der Waals attraction forces. This interpretation is strengthened 
by the fact that no significant differences of DSD obtained by laser diffraction were 
found. This may be explained by taking into account that weakly flocculated droplets are 




Figure 2.7 shows the CLSM micrographs obtained for the 75/25 emulsion. 
 
Figure 7.CLSM microphotographs for emulsion 75/25 at 1 day of aging time. 
Droplet sizes observed are consistent with the results obtained by laser diffraction. 
Moreover, micrographs reveal the existence of flocs as commented in the previous 
section. It should be noted that all the droplets are stained with a fluorophore selective 
for AMD-10 solvent. This points out that the dispersed phase consisted of a mixture of 
both solvents. However, this does not exclude the fact that there may be a 
concentration gradient within the droplet, as previously explained. 
Figure 2.8a shows the volumetric mean diameter as a function of both the ratio of 




Figure 2.8a. Volumetric mean diameter as a function of aging time for the emulsions 65/35, 
70/30, 75/25, 80/20 and 85/15. 
Palazolo 26 previously stated that the volumetric mean diameter allows for detecting 
coalescence and the flocculation process with more sensitivity than the Sauter mean 
diameter. Thus, the 85/15, 80/20 and 75/25 emulsions did not show any significant 
changes of droplet sizes. By contrast, for emulsions containing less AMD-10, substantial 
changes of droplet size were observed, increasing by 94% for the 65/35 emulsion and 
by 58% for the 70/30 emulsion. This increase may indicate the existence of a 
destabilization phenomenon or coalescence by Ostwald ripening. The increase of 
volumetric mean diameter with time cannot be attributed to a flocculation process, 




Figure 2.8b shows the droplet size distributions for the 65/35 and 70/30 emulsions at 1 
day and 40 days after preparation. 
 
Figure 2.8b. Droplet size distributions for the emulsions 65/35 and 70/30 at 1 day and 40 days 
after preparation. Emulsions kept under storage at 20oC. 
These distributions allow an increase of the second peak with ageing time to be 
detected, which resulted in a reduction of the population with smaller size. This usually 
points to the occurrence of a destabilization process by coalescence discarding an 
Ostwald ripening phenomenon, as the latter would lead to a shift of the DSD toward 
larger sizes without changing their shape. For Ostwald ripening the particle size 
distribution should attain a specific time-independent form that moves up the size axis 
with time, whereas with coalescence a bi-modal distribution is usually observed 17, 27.  
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Figures 2.9 a, b, c, d and e show the flow curves as a function of ageing time for all 
emulsions studied. 
 
Figure 2.9.a. Flow curves as a function of aging time for 65/35 emulsion. Continuous line 





Figure 2.9.b.Flow curves as a function of aging time for 70/30 emulsion. Continuous line illustrate 







Figure 2.9.c. Flow curves as a function of aging time for 75/25 emulsion. Continuous line illustrate 





Figure 2.9.d. Flow curves as a function of aging time for 80/20 emulsion. Continuous line 







Figure 2.9.e. Flow curves as a function of aging time for 85/15 emulsion. Continuous line illustrate 
data fitting to the Cross model. Tables inset show the flow curve fitting parameters. 
All emulsions exhibited a trend to reach a Newtonian region at low-shear rate regime, 
followed by a slight decrease in viscosity (shear-thinning behaviour) above a critical 
shear rate. This behaviour could be fairly well fitted to the Cross model with a R-square 
greater than 0.999. The fitting parameters are shown in the tables inset in the figures. 
The 65/35 emulsion showed a steady decrease in zero-shear viscosity with aging time, 
which is a clear indication of coalescence as confirmed by the significant increase of 
volumetric mean diameter from 21 ageing days on (figures 2.8a & 2.9a). The decrease 
of zero shear viscosity with time has been previously to an increase of average droplet 
size 23. A slight increase of AMD-10/D-limonene ratio to 70/30 initially provoked an 
incipient creaming effect as demonstrated by the rise of both zero shear viscosity and 
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shear-thinning slope 28. After that, coalescence became dominant as revealed by the 
steady drop of zero shear viscosity at longer ageing times (figure 2.9b). 
An increase of zero shear viscosity was also detected for the 75/25, 80/20 and 85/15 
emulsions as shown in figures 2.9c, 2.9d and 2.9e, respectively. The increase of zero 
shear viscosity with aging time indicates a higher concentration of the dispersed phase 
in the upper part of the sample. This involves a destabilization process by incipient 
creaming and/or flocculation. 
Figure 2.10a shows the creaming index as a function of aging time at different ratios of 
solvents. It should be noted that the slope of the linear region, directly related to the 
‘creaming rate’, was not significantly different for all studied systems (see the inset of 
figure 2.10a). However, important changes of the delay time were found, in such a way 
that the most D-limonene-concentrated emulsions showed the higher values of that 
parameter. This is totally consistent with the result obtained from the different 




Figure 2.10a. Creaming Index as a function of aging time for studied emulsions. 
 
Figure 10b shows the increase of droplet diameter from the diameter at time zero 





Figure 2.10b. Increase of droplet size diameter from the diameter at time zero as a function of 
aging time for studied emulsions. 
No changes of droplet size emulsions associated with a coalescence phenomenon were 
detected for emulsions with less limonene content. By contrast, emulsions with higher 
limonene content exhibited significant changes of droplet size as a consequence of a 
destabilisation process by coalescence. These results are consistent with results 
obtained in flow curves and laser diffraction. In spite of that, MLS is not able to 
differentiate between both coalescence and flocculation phenomena. As a result, the 
results obtained from the rest of the experimental techniques used reveals that changes 
of backscattering in the intermediate zone of the vial are essentially due to a 
coalescence phenomenon. It should be noted that this phenomenon is more 
pronounced in the emulsion with higher limonene content. This may be related to the 




The exploring analysis initially carried out showed the dependence of homogenization 
rate and the ratio of solvents on DSDs and emulsion stability. The use of mixtures of 
green solvents led to obtain emulsions with submicron droplet mean diameter above 
5000 rpm. In addition, the results of this preliminary study allowed an adequate 
homogenization rate to be fixed (6000 rpm) and laid the foundation for a further study 
of ratio of solvents. As a result of this study, an evolution of DSDs consistent with the 
occurrence of some coalescence was observed for emulsions with the higher content in 
D-limonene. However, emulsions containing high AMD-10/D-limonene ratio remained 
stable against coalescence. Coalescence information obtained by laser diffraction and 
multiple light scattering supported each other. In addition, the results provided by 
multiple light scattering revealed that 65/35 & 70/30 emulsions underwent not only 
coalescence but also creaming. Emulsion with 75/25 solvent ratio exhibited 
intermediate delay time for the onset of incipient creaming but it did not undergo 
coalescence. Rheology cleared up the destabilization mechanism for high-limonene 
content emulsions. First, creaming was dominant (increasing η0) and later coalescence 
became predominant (decreasing η0). From a methodological point of view, monitoring 
the cooperative information provided by rheology, laser diffraction, multiple light 
scattering and CSLM for a short aging time is a powerful tool to get a comprehensive 
panoramic view of the destabilization mechanism and kinetics of emulsions, especially 
when several mechanisms are simultaneously taking place. 
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Chapter 3: Influence of the concentration 
of a polyoxyethylene glycerol ester on the 






The chemistry and technology of agrochemical products has undergone extensive 
changes over the last 20 years. The new formulations and ingredients should meet the 
needs of the agrochemical industry for products having greater safety to the user and 
much lower environmentally impact maintaining the same performance targets. A 
recent trend involves the use of the emulsion format for agrochemicals, which provides 
a more efficient performance than those conventionally used. Furthermore, the 
production of submicron stable emulsion is a key achievement especially for this 
product. 
This study has been focused on the development of fine emulsions containing 
ecofriendly ingredients, such as surfactants and green solvents. It has been proven that 
the optimal surfactant concentration not only may lead to emulsions with submicron 
droplet sizes but also may prevent the typical destabilization process occurring in these 
formulations. In this particular case, it has been demonstrated that 3wt% surfactant 
concentration is adequate for three reasons: a) allowing the lowest droplet size to be 
achieved, b) providing the sufficient viscosity to prevent creaming and c) not being an 
excess of surfactant that leads to depletion flocculation. 
3.1. Introduction 
Emulsion science and technology has been used for many years to create a diverse range 
of commercial products, including pharmaceuticals, foods, agrochemicals, lubricants, 
personal care products, and cosmetics. Production of emulsion-based systems with 
specific physicochemical and functional properties often requires tight control over the 
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particle size distribution (McClements, 2005). Type and concentration of emulsifier play 
an important role in the droplet size distribution (DSD). 
The interest in submicron emulsions has increased in recent years due to their very small 
droplet size and high stability and their applications in many industrial fields such as 
personal care and cosmetics, health care, pharmaceuticals, and agrochemicals. (Schultz 
et al, 2000; Sonneville et al, 2004; Leal-Calderon et al., 2007; McClements, 2005; Tadros, 
2009). These emulsions whose range in the DSD falls typically of 100-500 nm are also 
sometimes referred to as ultrafine emulsions (Nakajima, 1997) ,mini-emulsions (El-
Aasser et al, 2004) and nanoemulsions (Ying Tang et al, 2013). In addition, submicron 
emulsions can be prepared by reasonable surfactant concentrations (less than 10%), 
that may fulfil the requirements of a bio-based society (Brockel et al, 2007). 
There is a need to replace the traditional organic solvents by more environmentally 
favorable solvents (Anastas and Warner, 1998.) Consequently, the renewed interest in 
search of appropriate greener and alternative solvents to be used in emulsions has 
grown enormously (Sheldon, 2005). Fatty acid dimethylamides (FAD) are among green 
solvents that can find applications in agrochemicals (Hofer and Bigorra, 2007). N,N-
dimethyldecanamide (DMA-10) is considered a safe biosolvent, according to the 
Environmental Protection Agency. Therefore, it is a great solvent for agrochemical use 
due to the lack of risk to the farmer.  The fact of satisfying the needs of customers is the 
basic principle of the product design (Brokel, 2007). 
D-limonene, a naturally occurring hydrocarbon, is a cyclic monoterpene, which is 
commonly found in the rinds of citrus fruits such as grapefruit, lemon, lime, and in 
particular, oranges. D-limonene exhibits good biodegradability, hence it may be 
proposed as an interesting alternative to organic solvents (Walter, 2010 and 
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Medvedovici et al, 2012). These solvents can meet the ever-increasing safety and 
environmental demands of the 21st Century. 
Environmentally friendly surfactants have attracted significant interest recently. 
Polyoxyethylene glycerol esters derived from cocoa oil are non-ionic surfactants 
obtained from a renewable source which fulfil the environmental and toxicological 
requirements to be used as ecofriendly foaming and/or emulsifying agents, hence their 
consideration as green surfactants (Castán and González, 2003). Their use in detergents 
and personal care products is disclosed in several patents (Lutz, 2006; Denolle,2011). 
Levenol C-201 was selected as emulsifier due to its great superficial and interfacial 
properties. Furthermore, α-pinene emulsions with Levenol C-201 showed better 
stability than emulsions containing its counterpart Levenol H&B (Trujillo-Cayado, 2014a, 
2014b) 
The main objective of this work was the study of the influence of the surfactant 
concentration (polyoxyethylene glycerol ester) on the physical stability of slightly 
concentrated O/W emulsions formulated with a mixture of green solvents (N,N-
dimethyldecanamide and D-limonene). The optimum ratio of these solvents was 
previously studied by Santos et al, 2014. A further goal was to achieve stable fine 
emulsions which may be used as matrices for incorporation of active agrochemical 
ingredients. According to a recent study (Santos et al, 2014), the same strategy was 
followed considering the combination of different techniques, which was proven to be 
a powerful tool to provide very interesting information at an early stage about the 
mechanisms of destabilization occurring in emulsions. 
 




N,N Dimethyl Decanamide (Agnique AMD-10TM) was kindly provided by BASF. D-
Limonene was supplied by Sigma Chemical Company. The emulsifier used was a nonionic 
surfactant derived from cocoa oil. Namely, a polyoxyethylene glycerol fatty acid ester, 
Glycereth-17 Cocoate (HLB:13), received as a gift from KAO, was selected. Its trade name 
is Levenol C-201TM. The safety data sheet provided by the supplier reports a value for 
oral toxicity (LD50) higher than 5000 mg/kg of animal in tests carried out with rats. It is 
interestingly to note that this value would be 3000 mg/kg for salt (Hollinger, 2005). 
RD antifoam emulsion (DOW CORNING®) was used as antifoaming agent. This 
commercial product consists of an aqueous solution containing Polydimethyl siloxane 
(<10 %w/w) and Dimethyl siloxane, hydroxyl-terminated (<10 %w/w). Deionized water 
was used for the preparation of all emulsions. 
3.2.2. Submicron emulsion development. 
Emulsions containing 0.1 wt% antifoam emulsion, a variable surfactant concentration 
and 30 wt% mixture of solvents (75wt% AMD-10/25wt% D-Limonene) were prepared. 
The optimum ratio of solvents was previously studied by Santos, 2014. The surfactant 
concentrations studied were 1.5, 2, 2.5, 3, 3.5 and 4wt%. These O/W emulsions were 
carried out using a rotor-stator homogenizer (Silverson L5M), equipped with a mesh 
screen at 6000 rpm during 60 seconds. 
3.2.3. Droplet size distribution measurements. 
Size distribution of oil droplets was determined by laser diffraction using Mastersizer X 
(Malvern, Worcestershire, United Kingdom). All measurements were repeated 3 times 
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with each emulsion. These measurements were carried out after 1, 3, 13, 21, 40 days 
aging time to analyze likely coalescence effects.  
The mean droplet diameter was expressed as Sauter diameter (D[3,2]) and volume mean 
diameter (D[4,3]). 






 (Eq 1) 
3.2.4. Rheological measurements. 
Rheological experiments were conducted with a Haake MARS controlled-stress 
rheometer (Thermo-Scientific, Germany), equipped with a sand-blasted coaxial cylinder 
Z-20 (sample volume: 8.2 mL, Re/Ri =1.085, Ri= 1 cm) to avoid slip effects. Flow curves 
were carried out from 0.05 Pa to 1 Pa at 20oC. Flow curves were carried out after 1, 3, 
13, 21 and 40 days to check the effect of aging time. All measurements were repeated 
3 times with each emulsion. Samples were taken at about 2 cm from the upper part of 
the container. Sampling from the top part of the container in contact with air was 
avoided. 
3.2.5. Multiple light scattering  
Multiple light scattering measurements with a Turbiscan Lab Expert were used in order 
to study the destabilization of the emulsions. Measurements were carried out until 40 
days at 20oC to determine the predominant mechanism of destabilization in each 
emulsion as well as the kinetics of the destabilization process. Multiple light scattering 
is a sensitive and non-intrusive technique to monitor physical stability of emulsions 
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(Allende et al, 2008 and Camino et al, 2012) and more complex systems such as 
suspoemulsions (Santos et al, 2013). 
Multiple light scattering measurements in the middle zone of the measuring cell also 
allowed the evolution of a mean droplet diameter with aging to be monitored. 
3.2.6 Viscosity of the continuous phase. 
The viscosity of continuous phases solutions (from 2.14 wt% to 5.71 wt%) were 
measured with an Ubbelohde glass capillary viscometer. A volume of solution was 
pipetted into the capillary viscometer, which was equilibrated at 20°C in a water bath 
for 30 minutes prior to measurements. All the measurements were performed at 20oC 
± 0.1oC and the result is the average of five measurements. Viscosity is obtained from 
the following equation: 
h = C× r × t      (Eq 2) 
where  is the viscosity of the continuous phase, C is a constant that depends of the 
glass capillary, ρ is the density of the continuous phase and t is the time. 
 
3.3. Results and discussion 
   
Figure 3.1 shows the droplet size distribution of the emulsions with different 
concentration of surfactant. All emulsions studied showed two populations of droplets 
except for emulsion with 1.5 % surfactant. The first peak is below 1 micron and the 
second population is centred about three microns. This second peak is probably due to 
recoalescence phenomenon induced by an excess of mechanical energy-input. (Jafari et 




Figure 3.1. Droplet size distribution for emulsions containing 1.5, 2, 2.5, 3, 3.5 and 4 wt% of 
surfactant. 
A decrease of the surfactant content provoked the distributions to shift towards greater 
droplet sizes. This fact is more pronounced for the emulsion containing 1.5wt% of 
surfactant. In the range 1.5-2.0 wt%, the surfactant available was not enough to achieve 
the minimum droplet size that can be obtained by these operating conditions.  
Sauter and volumetric diameters for all emulsions are shown in table 3.1. All emulsions 
possess submicron mean diameters. It could be due to the low interfacial tension 
providing by the mixture of these solvents as reported by Santos et al, 2014. The Sauter 
and volumetric mean diameters levelled off for surfactant concentrations above 2.5 
wt%.  
Table 3.1. Sauter and volumetric diameters for the studied emulsions as a function of surfactant 
concentration for 1 day aging time. 
wt% 
Surfactant 
D3.2 (µm) D4.3 (µm) 
1.5 0.51 0.75 
2 0.39 0.58 
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2.5 0.37 0.57 
3 0.35 0.57 
3.5 0.36 0.56 
4 0.36 0.57 
 
 
Figure 3.2 shows the flow properties for 1 day-aged emulsions studied as a function of 
surfactant concentration. All the emulsions exhibited a trend to reach a Newtonian 
region at low-shear rate regime, which is defined by the zero-shear viscosity, (η0). This 
range is followed by a slight decrease in viscosity (shear-thinning behaviour) above a 
critical shear rate. Fig. 2 also illustrates the fitting quality of the results obtained to the 







1−𝑛 (Eq 3) 
?̇?c is related to the critical shear rate for the onset of shear-thinning response, η0 stands 
for the zero-shear viscosity and (1-n) is a parameter related to the slope of the power-
law region; n being the so-called flow index. For shear thinning materials, 0 < n <1. A 




Figure 3.2. Flow curves for the studied emulsions as a function of surfactant concentration for 1 
day aging time at 20oC. Continuous lines illustrate data fitting to the Cross model. 
The values of these parameters are shown in Table 3.2 as a function of the concentration 
of surfactant.  The emulsion at a low surfactant concentration of 1.5 wt% showed the 
lowest Zero-shear viscosity. It is related to the fact that this emulsion showed the higher 
Sauter diameter. Zero-shear viscosity for the emulsions containing from 2%wt to 3.5%wt 
showed no significant differences, even though a slight tendency to increase with 
surfactant concentration may be observed. This is supported by the fact that these 
emulsions showed similar Sauter diameter values.  
Table 3.2. Flow curves fitting parameters for the Cross model for studied emulsions as a function 
of surfactant concentration at 1 day of aging time. 
Standard deviation of the mean (3 replicates) for η0<8% 
Standard deviation of the mean (3 replicates) for g
.
c<10% 






η0 (mPa·s) ?̇?c (s-1) n 
1.5 15 25 0.70 
2 24 12.5 0.57 
2.5 26 12.5 0.57 
3 29 16.7 0.40 
3.5 30 12.5 0.40 
4 66 3.12 0.30 
 
A sudden increase in the zero-shear viscosity of the emulsion upon increasing the 
surfactant concentration from 3.5 wt% to 4 wt% was observed. Given that DSD did not 
change between 3.5 wt% and  4 wt% surfactant, this rheological change could be 
produced by either, an enhanced viscosity of the continuous phase (due to increasing 
interactions among micelles), or the occurrence of a stronger oil network due to 
depletion flocculation (Palazolo et al, 2005; Manoj et al, 1998). 
Table 3.3 shows the viscosity of the continuous phase prior emulsification. It is seen that 
increasing surfactant concentration from 5 wt% to 5.71 wt% provokes viscosity to 
increase from 12.89 to 17.93 mPa·s. Nonetheless, the increase in the viscosity of 
emulsions from 3.5wt% surfactant concentration to 4 wt% is about 120%. Hence, the 
marked increase of the viscosity of the emulsions is more influenced by a depletion 
flocculation phenomenon than to the viscosity of the continuous phase.  
Table 3.3. Continuous phase density and viscosity values at 20oC. 
Note: These surfactant concentrations in the continuous phase are 1.5, 2, 2.5, 3, 3.5 and 4wt% 




Levenol C-201  





2.14 1.0013 ± 0.0001 2.03 ± <0.01 
2.86 1.0017 ± 0.0001 2.84 ± 0.01 
3.57 1.0022 ± 0.0001 4.04 ± 0.02 
4.29 1.0027 ± 0.0001 5.58 ± 0.05 
5.00 1.0031 ± 0.0001 12.89 ± 0.02 
5.71 1.0036 ± 0.0001 17.93 ± 0.08 
 
Therefore, it indicates that the critical surfactant concentration at which depletion 
flocculation of droplets occurs lies somewhere between 3.5 and 4wt%. Nowadays it is 
well established that in presence of high concentration of surfactant or polymer, the 
micelles can play an important role in the stability of the emulsions (Dickinson et al, 
1997). After interface saturation by the adsorbed surfactant, micelles do not adsorb on 
the surfactant coated surface, and they can cause attraction between drops by a 
depletion mechanism. Thus, when two droplets approach in a solution of non-adsorbing 
micelles, the latter are expelled from the gap, generating a local region with almost pure 
solvent. The osmotic pressure in the liquid surrounding the particle pair exceeds that 
between the drops and consequently forces the droplets to aggregate. (Napper, 1983). 
The depletion flocculation could lead to a creaming and/or coalescence process.  
This tendency is also showed in the critical shear rate. Nevertheless, the flow index 
decreases with the concentration of surfactant. This is due to the increase of the shear 
thinning character of emulsions. The emulsion with lowest surfactant concentration is 
only slightly shear thinning, whereas emulsions with higher surfactant concentrations 
are more shear thinning in nature.  
Figure 3.3a and b show the results of the physical stability study performed at room 
temperature by a multiple light scattering technique. Figure 3.3a shows a plot of 
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backscattering versus container height of the sample at room temperature for 1.5wt% 
emulsion by way of example. This figure also includes an inset where backscattering is 
plotted versus container height in reference mode (enlargement of backscattering of 
the lower zone of the vial that contained the sample) to display higher resolution of 
backscattering changes. 2, 2.5, 3 and 3.5% emulsions showed the same behaviour. 
 
Figure 3.3a. Backscattering versus measuring cell height as a function of aging time in normal 
(main figures) and reference mode (insets) for 1.5wt% emulsion at 25oC. Note: the insets 
illustrate DBS values at the bottom of the measuring cell. 
A backscattering decrease in the lower and higher zones of the vial was observed 
whereas it remained nearly constant in the intermediate zone. The drop in 
backscattering observed at the bottom of the measuring cell clearly indicated the 
occurrence of a destabilization mechanism by creaming, in that the dispersed phase 
possessed a lower density than the continuous phase (McClements, 2005). Thus all 
emulsions presented creaming process but in different degree. 
 The fact that the backscattering remained nearly constant in the intermediate zone 
suggests that destabilization mechanisms such as flocculation and coalescence were not 
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much significant for these emulsions. Nevertheless, with regards to the backscattering 
decrease observed at the top of the measuring cell, we think it may be attributed to the 
occurrence of some coalescence as a consequence of the migration of small droplets to 
the top (Mengual et al, 1999).  
Figure 3.3b shows backscattering (BS) as a function of the measuring cell height of the 
4wt% emulsion. Their reference mode plot was also included. On the contrary to the 
other emulsions, the backscattering increases with aging time in the middle zone of the 
vial. This fact suggest that a significant flocculation and/or coalescence process is taking 
place. In addition, a decrease in BS in the low zone of the vial is also observed. However, 
this decrease is cover up later by the increase of BS in the whole measuring cell (see 
figure 3.3b). This fact could be due to the coalescence and/or flocculation is more 
accused than the creaming. 
 
Figure 3.3b. Backscattering versus measuring cell height as a function of aging time in 
normal (main figures) and reference mode (insets) for 4wt% emulsion at 25oC. Note: the 
insets illustrate DBS values at the bottom of the measuring cell. 
84 
 
Figure 3.4a shows the variation of BS in the low zone of the measuring cell as a function 
of aging time, which is related to the creaming process. The results for 4wt% emulsion 
were only shown until day 14 because later creaming is covered up by flocculation and 
coalescence (see inset fig 3.3b).  
 
Figure 3.4a. Variation of the BS in the low zone of the measuring cell as a function of aging time 
for studied emulsions at 25oC. 
2, 2.5 and 3wt% emulsions underwent slight changes of BS in the low zone of the 
measuring cell while 1.5wt% and 4wt% emulsion showed the greatest increase of BS. 
Emulsion containing lowest concentration of surfactant showed a higher trend to 
creaming as a consequence of the Stokes law since its continuous phase possesses the 
lowest viscosity. In addition 1.5wt% showed the highest Sauter diameter, therefore it 
led to accelerate the creaming process.  As previously mentioned, emulsion 4% 
underwent depletion flocculation as destabilisation mechanism. These flocs may also 
accelerate the creaming process, which provokes higher changes of BS in the lower zone 
of measuring cell.  
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Figure 3.4b shows the increase of droplet diameter from the diameter at time zero in 
the middle part of the measuring cell plotted as a function of aging time for emulsions 
with different surfactant concentration. No changes of droplet size emulsions associated 
with a coalescence/flocculation phenomenon were detected for emulsions with 
containing less than 3.5wt% of surfactant. By contrast, the emulsion with higher 
surfactant content exhibited significant changes of droplet size as a consequence of a 
destabilisation process by coalescence/flocculation.  
 
Figure 3.4b. Increase of droplet size diameter from the diameter at time zero as a function of 
aging time for studied emulsions. 
Emulsions with higher surfactant concentration underwent a destabilisation process by 
coalescence/flocculation and by creaming. By contrast, an incipient creaming process 
was detected for the emulsions with surfactant concentration between 2 and 3wt%. The 
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emulsion with 3wt% of surfactant exhibited the lowest increment of BS at 20 days of 
aging time (see table inset figure 3.4a). 
Figure 3.5a shows the volumetric mean diameter as a function of both surfactant 
concentration and aging time. Palazolo (2005) previously postulated that the volumetric 
mean diameter allows for detecting coalescence process with more sensitivity than the 
Sauter mean diameter. Thus, the emulsions containing 2, 2.5 and 3%wt of surfactant did 
not show any significant changes of droplet sizes. By contrast, some changes of droplet 
size were observed for emulsions containing more than 3wt% or less than 2wt%. A 
slightly change was detected for both 1.5 and 3.5 emulsions while a substantial change 
was found for the 4wt% emulsion. This increase may indicate the occurrence of a 




Figure 3.5a. Volumetric mean diameter as a function of aging time for the emulsions 1.5, 2, 
2.5,3, 3.5 and 4wt%. 
In the case of 1.5wt% the increase of droplet size could be due to a destabilisation 
phenomenon by coalescence. Coalescence becomes more important when drops are 
not fully covered with surfactant, as manifested by an increase of mean droplet size with 
time. (Nazarzadeh et al, 2013). This increasing could lead to a oiling off process which 
was observed by MLS. 
In addition, the increase of the droplet size in 3.5wt% emulsion could be attributed to a 
coalescence mechanism induced by a flocculation and/or creaming process previously 
mentioned since coalescence tends to occur after the droplets have been in contact for 
extended periods such as in a cream layer or in a floc (McClements, 2007).  
Moreover, emulsion with 4% showed the highest change of droplet size, which could be 
due to the destabilisation process by flocculation from the moment of its preparation.  
Figure 5.5b shows the droplet size distributions for the 4wt% emulsion at different aging 
time by way of example. The emulsions which showed increased of the size of droplets 
followed the same trend: an increase of the second peak with aging time was detected, 
which resulted in a reduction of the population with smaller size. This usually points to 
the occurrence of a destabilization process by coalescence discarding an Ostwald 
ripening phenomenon, as the latter would lead to a shift of the DSD toward larger sizes 
without changing their shape (Santos et al, 2014). For Ostwald ripening the particle size 
distribution should attain a specific time-independent form that moves up the size axis 
with time, whereas with coalescence a bi-modal distribution is usually observed 




Figure 3.5b. Droplet size distributions for the emulsions containing 4wt% of surfactant as a 
function of aging time. Emulsions kept under storage at 20oC. 
Figure 3.6 shows the zero shear viscosity at different aging times for all emulsions. As all 
emulsions exhibited a trend to reach a Newtonian region at low-shear rate regime, 
followed by a slight decrease in viscosity (shear-thinning behaviour) above a critical 
shear rate, it has fairly well fitted to the Cross model with a R-square greater than 0.999. 




Figure 3.6. Zero-shear viscosity as a function of aging time for the studied emulsions. Note: 
Standard deviation of the mean (3 replicates) for η0<8%. 
Emulsion 1.5wt% did not show any significant changes, which may be due to a lack of 
sensibility of the measurements since the value of the zero shear viscosity is very low to 
be measured in the rheometer. The presence of two opposing mechanisms such as 
coalescence and creaming/flocculation may be related to this fact.  Coalescence would 
provoke a decrease in the zero shear viscosity and creaming/flocculation, an increase. 
Hence, the zero shear viscosity may level off. This latter case supports the results 
obtained by MLS and Laser Diffraction. 
On the contrary, the zero shear viscosity increases slightly with the aging time for the 
emulsions 2wt%, 2.5wt%, 3wt% and 3.5wt%. This fact is related to an incipient 
flocculation and/or incipient creaming. 2wt%, 2.5wt% and 3wt% exhibited creaming 
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process in MLS measurements whereas 3.5wt% showed creaming and 
coalescence/flocculation. 
 In addition, zero shear viscosity decreases slightly from day 3 to day 21 for the 4wt% 
emulsion, which is an indication of an increase of droplet size. However, an increase of 
zero shear viscosity was detected from day 21 to day 40.  (McClements, 2005). These 
opposed trends could be explained by the existence of two different destabilization 
processes. Coalescence and creaming/flocculation could be simultaneously coexisting. 
The increase of η0 is related to flocculation or/and creaming whereas its decrease is 
related to a coalescence process. The previous coalescence could accelerate the rate of 
possible flocculation and/or creaming. These results supports the MLS and laser 
diffraction measurements. 
Conclusions 
The influence in DSD, rheological properties and physical stability in the range of 2-3 
wt% was not really significant. However, 1.5wt% of surfactant is not enough to cover 
the surface of the interface and it led to higher Sauter and volumetric mean diameters. 
Consequently, this emulsion has the lowest zero-shear viscosity and the highest flow 
index.  
Emulsion containing above 3.5wt% of surfactant showed an accused depletion 
flocculation process since its preparation. The combination of measurements of laser 
diffraction, flow curves and multiple light scattering at different aging times showed the 
destabilization phenomenon in the emulsions in short period of time. These techniques 
have complemented each other leading to the conclusions: 
 1.5 wt% emulsion showed creaming as a predominant mechanism. 
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 2-3 wt% emulsions exhibited low creaming rates being 3wt% emulsion which 
showed the greatest stability. 
 3.5-4 wt% emulsion showed flocculation, creaming and coalescence. 4wt% 
emulsion showed the major increase in the droplet size due to the depletion 
flocculation showed since its preparation. 
The emulsions in the range 2-3wt% were highly stable and this excellent result can be 
explained by considering that the emulsion prepared at intermediate surfactant 
concentrations showed enough viscosity to prevent creaming and cover the interface. 
Also, it is not excessive surfactant concentration that may lead to a depletion 
flocculation process. 
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Chapter 4: Controlled production of eco-












Eco-friendly O/W emulsions were produced by membrane emulsification using nickel 
membrane consisting of hexagonal arrays of cylindrical pores of 10 or 20 µm diameter 
and 200 µm spacing. The dispersed phase was a mixture of N,N-dimethyldecanamide 
(AMD-10) and d-limonene containing 0-35 wt% AMD-10 in the dispersed phase and the 
continuous aqueous phase was 3 wt% polyoxyethylene  glycerol fatty acid ester 
(Levenol® C-201). In direct membrane emulsification, the droplet-to-pore size ratio was 
1.5-4.6 and the most uniform droplets were obtained with pure d-limonene at a stirrer 
speed of 620 rpm, corresponding to the peak shear stress on the membrane surface of 
7 Pa. In premix membrane emulsification, the median droplet diameter decreased with 
increasing the transmembrane flux and was smaller than the pore size at the flux above 
2000 L m-2 h-1. The droplet size was about 6 m after two passes through the membrane 
with a pore diameter of either 10 or 20 µm. The viscosity of emulsions with 30 wt% was 
not influenced by the shear rate but an emulsion with a dispersed phase content of 40 
wt% showed shear thinning behaviour and viscoelastic properties. The produced 




The task of product engineering is to design products of desirable features for given 
applications. All properties are the result of certain physical and chemical characteristics 
of the product, which are determined by the choice of the formulation and processing 
conditions. Many important properties of emulsions are largely determined by 
structural parameters such as volume ratio of the phases, particle size distribution and 
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mean particle size (Schubert et al., 2003). Production of emulsion-based systems with 
specific physicochemical and functional properties often requires control over the 
particle size distribution (PSD) (McClements, 2005, Santos et al., 2011). 
Conventional emulsification devices such as colloid mills, rotor-stator mixers, high-
pressure homogenizers and ultrasonic homogenizers offer limited flexibility in terms of 
PSD. Recently, membrane emulsification (ME) has received much attention due to its 
ability to control the mean droplet size over a wide range together with the ability to 
provide a narrow size distribution (Kosvintsev et al., 2005). Low energy consumption lies 
at the heart of sustainable and socially responsible society (Cussler and Moggridge, 
2011). The reduction in energy requirements by using ME is very significant. In addition, 
the ability to form uniform dispersions in a technique that can be scaled from small scale 
to industrial production makes the process very attractive (Peng and Williams, 1998). 
Two main types of ME processes have been developed: direct ME involving the 
permeation of pure dispersed phase through a microporous membrane into agitating or 
recirculating continuous phase and premix ME involving the passage of previously 
prepared coarse emulsion through the membrane (Charcosset et al., 2004). Premix ME 
provides several advantages over direct ME: (i) the dispersed phase flux is higher, so the 
time required for the production is very short; (ii) the mean droplet-to-pore size ratios 
are smaller than in direct ME. In direct ME, the mean droplet-to-pore size ratio can range 
between 2 and 50 (Ma, 2003, Yuan et al., 2009, Zhou et al., 2009), but it is often below 
10. In premix ME, the mean droplet-to-pore size ratio is typically between 0.6 and 2 
(Vladisavljević et al., 2006); (iii) the process parameters are easier to control than in 
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direct ME. One of the disadvantages of premix ME is a higher emulsion polydispersity 
compared to direct ME.  
Premix ME has been applied using a wide range of membranes, such as Shirasu Porous 
Glass (SPG) membrane (Suzuki et al., 1996), polycarbonate (Yafei et al., 2009), nylon and 
nitrocellulose polymeric membranes (Ramakrishnan et al., 2012), and nickel microsieves 
with rectangular and square membranes (Nazir et al., 2011, 2013). Typical laboratory 
devices for ME are SPG micro kits (Kukizaki and Goto, 2007) and Micropore Dispersion 
Cell (MDC) (Kosvintsev et al., 2005). Although MDC has been widely used in direct ME, 
so far there are no published studies on premix ME in MDC.  
In recent years, there has been an increasing interest in using the so-called green 
solvents due to the need to replace traditional petrochemical organic solvents by more 
environmentally friendly solvents derived from agricultural crops (Anastas and Wagner, 
1998). N,N-dimethyldecanamide (AMD-10) is considered as a safe biosolvent, according 
to the Environmental Protection Agency in 2005 and has excellent solubilizing properties 
towards agrochemical actives. Therefore, AMD-10 is a suitable solvent for agrochemical 
use (Hofer and Bigorra, 2007), that imposes minimal risk to the farmers while satisfying 
the needs of customers, which is a principal aim of the product design (Brokel et al., 
2007).  
D-limonene, a naturally occurring hydrocarbon, is a cyclic monoterpene, which is 
commonly found in the rinds of citrus fruits such as grapefruit, lemon, lime, and in 
particular, oranges. D-limonene exhibits good biodegradability, hence it may be used as 
a direct substitute for toxic organic solvents (Walter, 2010, Medvedovici et al., 2012). 
These two solvents can meet the ever-increasing performance, safety and 
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environmental demands of 21st century solvents. In this study, mixtures of d-limonene 
and AMD-10 will be used as a dispersed phase. The use of these solvent blends as a 
dispersed phase instead of common organic solvents and vegetable oils could represent 
a challenge for the size control in ME, due to their distinct physical properties, such as 
low viscosity and low interfacial tension and a medium solubility in water of AMD-10 
(340 mg L-1).  
In addition, environmentally friendly surfactants have also attracted significant interest 
recently. Polyoxyethylene glycerol esters derived from cocoa oil are non-ionic 
surfactants obtained from a renewable source, which fulfil the environmental and 
toxicological requirements for eco-friendly foaming and/or emulsifying agents (Castán 
and González, 2003). Their use as green surfactants in detergents and personal care 
products is disclosed in several patents (Lutz, 2006; Denolle, 2011). Levenol ® C-201 and 
Levenol ® H&B are commercial polyoxyethylene glycerol esters. The former was found 
to be more surface active at the biocompatible 𝛼-pinene/water interface than Levenol 
H&B, its counterpart with a lower number of oxyethylene groups (Trujillo-Cayado et al., 
2014a and 2014b). 
The main objective of this work was to produce O/W eco-friendly emulsions with a 
controlled mean droplet size using ME. For the first time, premix ME has been 
performed in a Micropore Dispersion Cell (MDS) using micro-engineered membranes 
with circular pores. The operation procedure, formulation, pore size, and process 
parameters were optimized in order to obtain finer emulsions with low energy inputs. 
These emulsions may be used as matrices for incorporation of active agrochemical 
ingredients. This study is a contribution towards the development of new emulsion 
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products, which may fulfil the customers’ needs as well as the requirements of the 
related industries.  
 
4.2. Materials and methods.  
4.2.1. Materials 
N,N Dimethyl Decanamide (Agnique AMD-10TM) was kindly provided by BASF. D-
Limonene was supplied by Sigma Chemical Company. The dispersed phase was a mixture 
of AMD-10 and d-limonene containing 0, 25, or 35 wt% of AMD-10. The dispersed phase 
content in the prepared emulsions was 30 wt% in all experiments except those reported 
in Figure 8, where it was 5-40 wt %. 
The continuous phase was 3 wt% Levenol ® C-201 and 0.1 wt% antifoam agent dissolved 
in deionized water. Levenol ® C-201 is a nonionic surfactant derived from cocoa oil, 
received as a gift from KAO Chemicals. It is a trade name of glycereth-17 cocoate 
(HLB:13), which is an ester of coconut acid and a polyethylene glycol ether of glycerin 
containing an average of 17 ethylene oxide units per molecule. RD antifoam emulsion 
(DOW CORNING®) was used as antifoaming agent. This commercial product consists of 
an aqueous solution containing polydimethyl siloxane (<10 wt%) and dimethyl siloxane, 
hydroxyl-terminated (<10 wt%).  
4.2.2 Membrane and membrane module 
The emulsions were obtained using a Micropore Dispersion Cell (MDS), a stirred cell with 
a flat disc membrane under the paddle stirrer shown in Figure 1. Both stirred cell and 
membranes were supplied by Micropore Technologies Ltd. (Loughborough, UK). The 
agitator was driven by a 24 V DC motor (INSTEK Model PR 3060) and paddle rotation 
speed was controlled by the applied voltage.  
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The membranes used were nickel membranes containing uniform cylindrical pores with 
a diameter of dp= 10 µm or dp= 20 µm and a spacing of L= 200 µm. The membranes were 
fabricated by the LIGA process, which involves galvanic deposition of nickel onto a 
template formed by photolithography and etching. Perfectly ordered hexagonal arrays 
of pores with one pore at the centre of each hexagonal cell can be seen on the 
micrographs in Figure 2.  









                                    (1) 
For the membranes used in this work, the porosity calculated from Eq. (1) is 0.26% and 
0.90% for dp= 10 and 20 µm, respectively. The effective cross-sectional area of the whole 
membrane is 8.5 cm2, which is significantly greater than 1.4 cm2, which was the 
membrane area used in previous premix ME studies with microsieve membranes (Nazir 
et al., 2011, 2013).  
4.2.3. Emulsion production 
4.2.3.1. Direct membrane emulsification  
Dispersed phase was injected through the membrane using a syringe pump (Secondary 
Dual Pump, World Precision Instruments, Sarasota, Florida) at the constant flow rate of 
110-910 mL h-1, corresponding to the dispersed phase flux of 129-1070 L m-2 h-1 (See 
Figure 4.1A). The stirring speed was fixed at 400-1200 rpm. Once the desired amount of 
oil had passed though the membrane, both the pump and the agitator were switched 
off and the droplets were collected and analyzed. The membrane was cleaned with 4 M 
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Figure 4.1. A) Schematic illustration of Dispersion Cell with simple paddle stirrer above a flat-disc 
membrane (b= 11 mm, D= 30 mm, Dm= 32 mm, and T= 37 mm) used in direct ME.  
4.2.3.2. Premix membrane emulsification  
The mixture of solvents and the continuous phase was first premixed for one minute 
using a magnetic bar to produce a coarse emulsion with large droplets. This coarse 
emulsion was then injected 1-3 times through the membrane using a syringe pump 
(Model 11 Plus, Harvard Apparatus) at the constant flow rate of 110-910 mL h-1, 
corresponding to the flux of 129-1070 L m-2 h-1 (See figure 4.1B). The membrane was not 
cleaned between the passes. The emulsion samples obtained after each pass were 





Figure 4.1.B) Schematic illustration of the premix ME process used. The coarse emulsion was 





Figure 4.2. Photomicrographs of the membranes used in this work taken at two different 
magnifications: A) 10 µm pore size membrane and B) 20 µm pore size membrane. 
4.2.4. Droplet size distribution measurements 
PSD of oil droplets was determined by static laser light scattering (laser diffraction) using 
Mastersizer 2000 (Malvern, Worcestershire, United Kingdom). All measurements were 
repeated three times for each sample.  
The mean droplet diameter was expressed as the volume median diameter d(v,0.5), 
which is the diameter corresponding to 50 vol% on the cumulative distribution curve. 
The relative span of a drop size distribution was used to express the degree of drop size 
uniformity (see Eq. 2). 
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𝑠𝑝𝑎𝑛 =  
[𝑑(𝑣,0.9)−𝑑(𝑣,0.1)]
𝑑(𝑣,0.5)
                                    (2) 
4.2.5. Rheological measurements 
Rheological experiments were conducted with AR 1000 controlled-stress rheometer (TA 
instruments, USA), equipped with a cone-plate of 60 mm diameter and 1 degree. Flow 
curves were generated from 0.05 Pa to 1 Pa at 20C. Small amplitude oscillatory shear 
tests were carried out for the emulsion containing 40 wt % of dispersed phase. The 
frequency sweep was carried out in the 20-0.5 rad s-1 angular frequency range at shear 
stress amplitude of 0.05 Pa. This was previously determined by conducting oscillatory 
stress sweeps at three different frequencies, namely 0.63 rad s-1, 6.3 rad s-1and 18.9 rad 
s-1. All measurements were repeated 3 times with each emulsion. Sampling from the top 
part of the container in contact with air was avoided. 
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4.3. Results and discussion 
4.3.1. Reproducibility of experimental data 
Figure 4.3 shows PSD curves for the emulsions prepared using direct ME with 10 µm 
membrane (Fig. 4.3.A) and premix ME with 20 µm membrane (Fig. 4.3.B). In each case, 
the dispersed phase contained 25 wt% AMD-10 and 75 wt% d-limonene. Replicated runs 
1, 2 and 3 in Fig. 4.3.A were performed on the same day, while run 4 was done in two 
days, after several other experiments had been performed in the meantime. PSD for all 
replicates was very similar, which indicates that the membrane cleaning procedure was 
robust and successful. The average D(v,0.5) value was (28.79 ± 1.37) m and span was 
1.35 ± 0.03, where the error margins were calculated as one standard deviation away 
from the mean. There is no difference between a new and used membrane provided 
that a new membrane was treated with a wetting agent to render the surface 
hydrophilic (Fig. 4.3.A). The new membrane that was not treated with wetting agent 
exhibited the broadest particle size distribution in Fig. 4.3.A.  
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 (1) used 10 m membrane
 (2) used 10 m membrane
 (3) used 10 m membrane
 (4) used 10 m membrane
 New 10 m membrane without wetting agent
 New 10 m membrane
 
Figure 4.3.A. Particle size distribution for different replicates: 25/75 emulsion produced using 
direct ME at 850 rpm and 600 L m-2 h-1 with a 10 µm membrane. 
In addition, PSD for the emulsions prepared by premix ME did not change substantially 
in the experiments repeated 3 times under constant experimental conditions (Fig 4.3.B). 
The average D(v,0.5) value was (23.16 ± 1.85) m and span was 1.78 ± 0.09. The 
reproducibility of the results in direct ME was better than that in the premix process, 
probably because the PSD of the coarse emulsion was not exactly the same in all premix 
ME runs. In both processes, bimodal distributions were obtained and PSD was more 
uniform in the samples prepared by direct ME. 
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 (1) 20 m membrane
 (2) 20 m membrane








Figure 4.3.B. Particle size distribution for different replicates:  25/75 emulsion produced using 
single-pass premix ME process at 706 L m-2 h-1 with a 20 µm membrane. 
3.2 Laser diffraction measurements 
3.2.1. Direct Membrane Emulsification  
Figure 4.4 shows PSD for the emulsions prepared by direct ME at 620 rpm and 600 L m-
2 h-1 with a 10 µm and 20 µm membrane as a function of the solvent ratio in the 
dispersed phase. An increase in the content of AMD-10 in the dispersed phase caused a 
shift of the distribution towards smaller droplet sizes and the distribution became wider, 
as evidenced by higher span values (Table 4.1). This could be due to the low interfacial 
tension of the solvent blends compared to pure d-limonene (Table 4.2). The interfacial 
tension force is the main force resisting the drag force and holding a growing droplet at 
the membrane surface. By decreasing the interfacial tension, the droplets detach sooner 
from the membrane surface and the resultant droplet size is smaller. In addition, AMD-
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10 is more polar solvent than d-limonene (the solubility of AMD-10 and D-Limonene in 
water is 340 and 13.8 mg L-1, respectively), which means that the solvent blends have a 
higher affinity towards the hydrophilic membrane surface than pure d-limonene. The 
PSD curves for pure limonene are monomodal, suggesting that the membrane was not 
wetted by pure d-limonene during emulsification. In addition, the impact of the pore 
size on the mean droplet size was very substantial for the pure limonene emulsions and 
negligible for the 25/75 emulsions. This may be related to the low interfacial tension of 
the mixture that is the crucial property to achieve low droplet size (Santos et al., 2014). 
The subsequent experiments will be done using the 25/75 solvent mixture which is a 
compromise between a need to obtain a narrow distribution and to replace as much d-
limonene as possible by a cheaper AMD-10 solvent.  




























Figure 4.4. PSD for emulsions prepared by direct ME at 620 rpm and 600 L m-2 h-1 as a function 




Table 4.1. The effect of the ratio of AMD-10 and d-limonene in the dispersed phase on D(v,0.5) 
and span for emulsions prepared by direct ME at 620 rpm and 600 L m-2 h-1.  
wt% AMD-10 in 
dispersed phase 
10 µm membrane 20 µm membrane 
D(v,0.5) span D(v,0.5) span 
0 45.5 0.9 69.3 1.1 
25 30.4 1.2 30.9 1.2 
35 21.7 1.8  - -  
 
 
Table 4.2.  The equilibrium interfacial tension between the aqueous and oil phase for different 
solvent ratios in the absence and in the presence of the used surfactant at 20oC. 
AMD-10/d-limonene 
mass ratio (wt/wt) 
Interfacial tension (mN/m) 
no surfactant 
3 wt% Levenol 
® C-201 
0/100 40 ± 1.3 7 ± 0.5 
25/75 7 ± 0.4 1 ± 0.1 
35/65 4 ± 0.3 - 
 
Figure 4.5 shows the effect of stirring speed on the droplet size distribution for 25/75 
emulsions prepared with a 10 µm membrane at the oil flux of 600 L m-2 h-1. The increase 
of stirring speed caused the PSD curves to shift toward smaller droplet sizes. In addition, 
the volume median diameter decreased with increasing the stirring speed (Fig. 4.6), 
which was due to an increase of the drag force acting on the droplets. The same stirring 
rate vs. droplet size relationship was reported by Kosvintsev et al. (2005) and Stillwell et 
al. (2007) for sunflower O/W emulsions.  The droplet size showed large variations with 
stirring speed up to 620 rpm, corresponding to average shear stress at the membrane 
surface of 6.25 Pa. However, the effect was less pronounced at the higher stirring 
speeds, when the volume median diameter virtually reached its asymptotic value. Figure 
6 also provides a comparison of experimental drop size and model prediction at different 
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stirring speeds. The shear-capillary model used in this work (see Appendix A) does not 
recognise the dispersed phase flux as having a contribution to the formed droplet size. 
Therefore, the model should represent the smallest droplet size that can be produced 
for a given set of operating conditions. It could explain why the model fits the 
experimental data best at high stirring speeds, where the droplet formation times are 
very short due to high drag forces exerted on the droplets by the stirrer (Dragosavac et 
al., 2008).  





















Figure 4.5. The effect of stirring speed on the PSD of 25/75 emulsions prepared by direct ME at 
600 L m-2 h-1 with a 10 µm membrane. 
112 
 









































Figure 4.6. The volume median diameter, D(v, 0.5) and span of the emulsions prepared by direct 
ME at 600 L m-2 h-1 with a 10 µm membrane as a function of stirring speed. The predicted values 
are calculated using model presented in the appendix A.  
 
Figure 4.6 also shows the influence of stirring speed on the span values for the emulsions 
prepared at 600 L m-2 h-1 with a 10 µm membrane. The higher span values obtained 
above 620 rpm could be attributed to more significant deformation of the droplets on 
the membrane surface before detachment due to high shearing, which can lead to more 
pronounced droplet interactions with the membrane surface and membrane wetting. 
The optimal rotational speed with regard to droplet size uniformity was 620 rpm, which 
corresponded to the peak shear stress on the membrane surface of 7 Pa. 
Figure 4.7 shows A) D(v,0.5) and B) span as a function of transmembrane flux for the 
emulsions prepared with a 10 and 20 µm membrane. The rotational speed was kept at 
the optimal value of 620 rpm. For both pore sizes, an increase in the transmembrane 
flux led to an increase in the mean droplet size, while span did not show significant 
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variations. As the transmembrane flux is increased, the drop grows faster and the 
interface cannot be stabilised fast enough by adsorbed emulsifier molecules. In addition, 
at higher transmembrane fluxes a higher amount of oil will flow into the growing drop 
during pinch off. This effect was more significant up to 400 L h-1 m-2 and then the droplet 
size tended to stabilize, probably due to droplet-droplet interactions on the membrane 
surface that restricted further droplet growth (Egidi et al., 2008). 








































Figure 4.7.A.  The effect of transmembrane flux on: Volume median diameter, D(v,0.5), for the 
emulsions processed by direct ME at 620 rpm with a 10 and 20 µm membrane. 
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Figure 4.7.B.  The effect of transmembrane flux on Span for the emulsions processed by direct 
ME at 620 rpm with a 10 and 20 µm membrane. 
The influence of pore size on D(v,0.5) was insignificant for the emulsions containing 
AMD-10 in the dispersed phase. However, span increased with an increase in the pore 
size. Therefore, the optimum conditions for direct ME in this work were: a pore size of 
10 µm, a transmembrane flux of 129 L m-2 h-1 and a stirrer speed of 620 rpm.  
Figure 4.8 shows the effect of dispersed phase content on D(v,0.5) for 25/75 emulsions 
prepared by direct ME at 129 L m-2 h-1 and 620 rpm using a 10 µm membrane. The 
surfactant/oil ratio was kept at 0.10 (w/w) in all samples. The volume median diameter 
decreased with increasing the dispersed phase content in the emulsion. For a given 
surfactant/oil ratio (R=0.10), when the dispersed phase content is increased, the 
surfactant concentration in the continuous phase also increases, leading to the higher 
viscosity of the continuous phase, ηc. It has been reported that the viscosity of the 
continuous phase significantly affects the droplet size obtained in rotor stator 
homogenizers and in direct ME. It is stated that an increase in ηc will lead to an increase 
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of the drag force acting on the forming droplets at the same stirring speed producing 
smaller droplets (Vankova et al., 2007, Dragosavac et al., 2008). 
































Dispersed phase content (wt%)
 
Figure 4.8. The effect of the dispersed phase content in the emulsions on the volume mean 
diameter, (D(v,0.5) in direct ME at 129 L m-2 h-1 and 620 rpm with 10 µm membrane. The 
surfactant/oil ratio was kept at 0.10 (w/w) in all samples.  
 
3.2.2. Premix membrane emulsification 
Figure 9A illustrates the effect of transmembrane flux on the PSD of emulsions produced 
by premix ME with a 10 µm membrane. Injection of pre-mix through the membrane led 




































Figure 4.9.A. The effect of transmembrane flux on the PSD of the emulsions prepared by premix 
ME using a 10 µm membrane. The location of the dashed line corresponds to the membrane pore 
diameter.  
 
































Figure 4.9.B. The effect of number of membrane passes on the PSD of the emulsions prepared by 
premix ME using a 10 µm membrane. The location of the dashed line corresponds to the 
membrane pore diameter.  
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An increase in the transmembrane flux caused a shift of the PSD curves towards lower 
droplet sizes. As a result of energy input brought by fluid flow, large oil drops in the 
coarse emulsion were deformed in the pores and broken up into smaller droplets (Van 
Aken, 2002). A reduction in drop size occurred as a result of various disruptive forces, 
such as shear and extensional forces, interfacial tension effects (Rayleigh and Laplace 
instabilities) and impact forces due to droplet-droplet and droplet-wall interactions 
(Vladisavljević et al., 2004 and 2006, Cheetangdee et al., 2011). Here, droplet-wall 
interactions are probably less significant than in SPG membrane, due to shorter pore 
lengths as a result of non-tortuous and non-interconnected pores and small membrane 
thickness. The wall shear stress 𝜏𝑝 in cylindrical non-tortuous pores with a diameter of 
𝑑𝑝 is given by (Vladisavljević et al., 2006b): 𝜏𝑝 = 8𝑐𝐽/(𝑑𝑝), where  is the membrane 
porosity defined by Eq. (1) and 𝐽 is the transmembrane flux. Hence, 𝜏𝑝 increases with 
increasing 𝐽, which results in more intensive droplet break-up, as shown in Figs. 4.9 and 
4.10. The droplet size can also be reduced by increasing number of passes through 
membrane, as shown in Figure 4.9.B, due to additional amount of energy added to the 
system (Vladisavljević et al., 2006). The same trend was observed in this work, although 
larger droplets were still present in the product emulsion after two passes (Fig. 4.9.B), 
probably due to partial droplet re-coalescence. Due to bimodal PSDs, the span values 
were 1.5-6 (the data not shown here). The fraction of larger droplets (d>10 m) can be 
reduced by implementing three passes, as can be seen from the PSD curves at 706 L m-
2 h-1 in Fig. 4.9.B. 
Figure 4.10 shows the effect of transmembrane flux on the volume median diameter of 
the product emulsions after 1-3 membrane passes. The transmembrane pressure, ∆𝑝 is 
equivalent to energy input per unit volume, 𝐸𝑉 and can be expressed as follows: 
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𝐸𝑉 = ∆𝑝 = 𝐽(𝑅𝑚 + 𝑅𝑓), where 𝑅𝑚 and 𝑅𝑓 is the hydraulic resistance of the clean 
membrane and fouling layer, respectively. The fouling resistance occurs due to 
accumulation of oil drops on the upstream side of the membrane (external fouling) and 
inside the pores (internal fouling) (Vladisavljevic et al., 2004). The mean Sauter diameter 
of an emulsion produced in mechanical emulsification device exponentially decreases 
with increasing energy input per unit volume (Karbstein and Schubert, 1995): 𝐷3,2 =
𝐶𝐸𝑉
−𝑏, where 𝐶 and 𝑏 are constants whose values depend on the physical properties of 
the phases. If the total hydraulic resistance is constant, the above equation can be 
simplified to 𝐷3,2 ∝ 𝐽
−𝑏. Therefore, the higher the flux, the lower the resultant droplet 
size, which agrees with the results in Fig. 4.10. The same behaviour was observed by 





Figure 4.10. The effect of transmembrane flux and number of passes through the 10 µm 
membrane on the volume median diameter of emulsions prepared by premix ME. 
 
D(v,0.5) was less than 10 µm (the pore size) after two passes through the membrane 
irrespective of the flux and even after a single pass at the flux of 2118 L m-2 h-1. Large 
droplets of a pre-mix are squeezed as they pass through the pores due to elongational 
forces. At high flux values, a deformed droplet remains elongated after it exits the pore, 
due to high velocity of the continuous phase relative to that of the dispersed phase (van 
der Zwan et al., 2006). The resulting long droplet filament is subjected to Plateau-
Rayleigh instability due to perturbations on its interface, which leads to jet 
fragmentation into very fine droplets, typically smaller than the pore size. At low fluxes, 
a squeezed droplet re-emerges on the downstream side of the membrane acquiring a 
dumbbell shape. The droplet does not form a long cylinder, since the flow rate of the 
continuous phase is insufficient and thus, Plateau-Rayleigh instability is not relevant (van 
der Zwan et al., 2006). The droplet is disrupted due to Laplace instability caused by the 
difference in capillary pressure between the dispersed phase in the neck region inside 
the pore and the dispersed phase before and after the pore (in hemispherical ends).  
Figures 4.11.A and 4.11.B show the effect of transmembrane flux and number of passes 
through the membrane, respectively, on the PSD for emulsions prepared using a 20 µm 
membrane. As expected, the smallest droplets were obtained after two passes at 2118 
L m-2 h-1 (due to the highest energy input) and the biggest droplets were produced at 
350 L m-2 h-1 after single pass.  
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Figure 4.11.A. The effect of transmembrane flux on the PSD of emulsions obtained by premix ME 
with the 20 µm pore size membrane. 
 





































Figure 4.11.B.  The effect of number of passes through the membrane on the PSD of emulsions 
obtained by premix ME with the 20 µm pore size membrane. 
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Figure 4.12 shows the effect of transmembrane flux and number of passes on for the 20 
µm pore size. The D(v,0.5) value after first pass at 2118 L m-2 h-1 was 15 µm and was 
higher than that for the 10 µm pore size. At the constant flux, flow velocity in the 
membrane pores is lower for larger pores, due to 3.5 times higher membrane porosity, 
leading to less intensive droplet break-up. The volume median diameter after two 
passes levelled off at about 6 µm and was similar to the limiting D(v,0.5) value for the 
10 µm pore size after two passes. However, span values for 20 µm pore size membrane 
were lower than those for the 10 µm pore size (data not shown). Therefore, in premix 
ME more uniform emulsion droplets were produced with the higher pore size, as 




































Figure 4.12. The effect of transmembrane flux and number of passes through the membrane on 
D(v,0.5) for emulsions obtained by premix ME using the 20 µm pore size membrane. 
4.3.3. Rheological measurements 
Figures 4.13A and 4.13B show flow properties of 30 wt% emulsions prepared by direct 
and premix ME, respectively, as a function of transmembrane flux and number of passes. 
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In both cases, the pore size of the membrane was 10 µm. All samples with 30% dispersed 
phase exhibited Newtonian behaviour with the flow curves fitting fairly well to the 
Newtonian law. Hence, viscosities of these emulsions are not influenced by shear rate.  



































Figure 4.13A. Flow curves for emulsions produced by direct ME at 600 L m-2 h-1 with the 10 µm 








































































Figure 4.13.B. Flow curves for emulsions produced by premix ME with the 10 µm membrane as a 
function of transmembrane flux. Continuous lines illustrate data fitting to the linear regression. 
Increasing the stirring speed increases the viscosity of the samples, which supports laser 
diffraction results. An increase of transmembrane flux and number of passes led to an 
increase of viscosity. In addition, the emulsions prepared by premix ME showed higher 
viscosities than the ones obtained by direct process. These results are in good 
correlation with the mean droplet diameters observed by laser diffraction. Clearly, 
emulsions with a dispersed phase content of 30 wt% did not possess enough internal 
structure to show shear thinning behaviour or viscoelastic properties. 
By contrast, an emulsion with a dispersed phase content of 40 wt% exhibited shear 
thinning behaviour and viscoelastic properties. Measurable viscoelastic responses could 
not be obtained below 40 wt% dispersed phase. Figure 4.13.C shows mechanical 
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spectrum of a 40 wt% emulsion produced by direct ME at 620 rpm and 129 L m-2 h-1. The 
loss modulus G’’ was higher than the storage modulus G’ at every frequency. This 
behaviour is typical in viscoelastic liquids (tan δ <1) (Mezger, 2006). Emulsions with 
viscoelastic properties usually show better stabilities against creaming than the non-
















Figure 4.13.C. Mechanical spectra for 40 wt% emulsion produced by direct ME at 129 L m-2 h-1 
and 620 rpm with 10 µm membrane. 
Conclusions 
The production of eco-friendly emulsions with a median droplet diameter ranging from 
21 to 69 µm has been demonstrated using direct and premix membrane emulsification 
(ME) in a simple paddle-bladed stirred cell. An increase of the content of AMD-10 solvent 
in the dispersed phase caused a decrease in the mean droplet size and deterioration of 
the droplet size distribution, probably due to lower interfacial tension and higher 
polarity of the solvent blend compared to pure d-limonene. In direct ME, the mean 
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droplet size decreased with increasing the stirring speed and decreasing the 
transmembrane flux. The droplet-to-pore size ratio was 2.2-4.6 and 1.5-3.5 for the 
membrane with a pore size of 10 and 20 m, respectively. The minimum droplet-to-pore 
size ratio of 1.5 was smaller than 3 reported in direct ME with SPG membrane, probably 
due to very low interfacial tension of 1 mN/m when 25/75 solvent mixture was used. 
The most uniform droplets were obtained at at the flux of 600 L m-2 h-1 and the stirrer 
speed of 620 rpm, which corresponded to the peak shear stress on the membrane 
surface of 7 Pa. For a constant surfactant/oil ratio (R) of 0.10, the mean droplet size 
decreased with increasing the dispersed phase content in the emulsion.  
In premix ME, the mean droplet size exponentially decreased with increasing 
transmembrane flux from an initial value greater than 50 m in a pre-mix to a final value 
lower than the pore size in the emulsions processed at the flux above 2000 L m-2 h-1. The 
mean droplet size was additionally reduced using two or three passes through the 
membrane, but the particle size distribution was relatively broad. A lower 
transmembrane flux and smaller number of passes were needed to achieve the same 
droplet size reduction as with SPG membrane of the same pore size, probably due to 
smaller interfacial tension in this work. The effect of pore size on the mean droplet size 
was more pronounced in premix than in direct ME. This work demonstrates that premix 
ME with only two passes through nickel micro-engineered membrane enables to obtain 
O/W emulsions with very small mean droplet sizes compared to the pore size. The mean 
droplet size lower than 6 µm was achieved using both 10 and 20 µm membrane, but 
more uniform droplets were obtained with a 20 µm membrane.  
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O/W emulsions with a dispersed phase content of 40 wt% showed viscoelastic 
properties, due to structuration in the emulsion. On the other hand, O/W emulsions 
with a dispersed phase content of 30 wt% exhibited Newtonian behaviour with the 
viscosity values in a good correlation with the mean droplet sizes.  
Appendix A 
For predicting the drop size of the dispersed phase, a force-balance model (Dragosavac 
et al., 2008) has been used here.  
The shear stress τ at the membrane surface varies with the radial distance from the 
stirrer axis, r, according to the equations (Nagata, 1975): 
For r< rtrans    𝜏 = 0.825 𝜂𝑐𝜔𝑟
1
𝛿
                                                         (3) 
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1000 + 1.43 𝑅𝑒
             (5) 
Here, D is the stirrer diameter, T is the cell diameter, b is the blade height, and nb is the 
number of impeller blades (Fig. 1A). The rotating Reynolds number is given by: Re = 
𝜔𝜌𝑐𝐷
2/(2𝜋𝜂𝑐), where 𝜌𝑐 and 𝜂𝑐 is the continuous phase density and viscosity, 
respectively, and 𝜔 is the angular velocity. 
The boundary layer thickness, δ, is defined by the equation (Landau and Lifshitz, 1959): 
𝛿 =  √𝜂𝑐 (𝜌𝑐𝜔)⁄                                  (6) 
The local shear stresses on the membrane surface are plotted in Figure 4.14. The 
maximum shear stress τmax is expressed by putting r= rtrans in Eq. (3): 
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𝜏𝑚𝑎𝑥 = 0.825 𝜂𝑐𝜔𝑟𝑡𝑟𝑎𝑛𝑠
1
𝛿
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Figure 4.14. The variation of local shear stress over the membrane surface at different stirrer 
speeds for 30% emulsion, calculating using Eq. (3) or Eq. (4).  
 
The droplet diameter, x, can be predicted from a simple force balance on a droplet at 
pinch-off: Fd= Fca, where Fca and Fd are the capillary and drag force, respectively 
(Kosvintsev et al., 2005): 







                                                 (9) 
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rp is the pore radius and γ is the interfacial tension. Solving Eqs. (8) and (9) for x gives 







                             (10) 
Since the pressure on the surface of the membrane is lowest at τ=τmax , the majority of 
the drops will be formed near the transitional radius and thus τmax from Eq. (7) will be 
used instead of τ in Eq. (10). 
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Chapter 5: Development of eco-friendly 









Green solvents have recently attracted much attention due to the necessity of replacing 
traditional solvents. In this work, a mixture of eco-friendly solvents and a green 
surfactant have been utilized in emulsions with a potential use for agrochemicals. 
Results obtained show that the Microfluidizer® was capable of producing very fine 
nanoemulsions (D3,2 = 280 nm).This contribution has demonstrated the significant role 
of the rheology to understand the destabilization processes which occur in emulsions 
with very similar DSD. Thus, we found the optimum homogenization pressure was 1034 
bar (15000 psi) on account of the lack of creaming and of low coalescence. 
5.1. Introduction 
The task of product engineering is to produce products of a certain quality, i.e. with 
specific properties. All properties are the result of specific physical and chemical effects 
in the product, which are determined by the choice of the formulation and processing 
conditions. Many important properties of emulsions are largely influenced by structural 
parameters such as the volume ratio of the phases and particle size distribution.[1] The 
droplet size distribution (DSD) of the emulsions strongly depends on the emulsification 
method used. 
Interest in submicron emulsions has increased recently due to their very small DSD, high 
stability, and their applications in many industrial fields such as personal care and 
cosmetics, health care, pharmaceuticals, and agrochemicals. [2,3] Emulsions whose 
average droplet size falls in the range of 100-500 nm could be considered as 
nanoemulsions.[4] In spite of the fact that submicron emulsions can be produced by 
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both low and high-energy methods, the latters generally more likely to be used in the 
industry due to their scale up and equipment availability. [5] Typically submicron 
emulsions are produced either by using a high-pressure valve homogenizer (HPVH) or a 
Microfluidizer. A piston pump and a narrow gap are the main parts in a HPVH. In the 
narrow gap there is a valve, which is able to arrive at homogenization pressure up to 
150 MPa. Break-up of the droplets occurs in the region of the valve gap, and in the jet 
after the gap. By contrast, droplet break-up occurs in the Microfluidizer due to the 
impact of two impinging jets achieving similar pressures as those obtained in a HPVH. In 
this process, high turbulence and tremendous shearing action are created. 
Consequently, this forces flow stream to pass though well-defined microchannels. As a 
result, extraordinarily fine emulsions are created. In fact, it has been observed that 
emulsions produced by microfluidization possess narrower DSD to those prepared using 
a HPVH.[6,7] It is also shown that a continued increase in the homogenization pressure 
in the Microfluidizer provoked a decrease in droplet size.[8] However, this fact was not 
observed under all circumstances. Furthermore, microfluidization is unfavorable in 
some specific situations, such as higher pressures and longer emulsification times. This 
could lead to over-processing, namely the re-coalescence of emulsion droplets.[9,10] 
Although the effect of the homogenization pressure on droplet size is well known, there 
is no reported systematic study of the effect of homogenization pressure on rheology of 
submicron emulsions processed in microfluidizers and how this property affects the 
stability of these emulsions. 
In recent years, there has been an increasing interest in using the so-called “green 
solvents” due to the need to replace traditional organic solvents by more 
environmentally favorable solvents.[11] N,N-dimethyldecanamide (AMD-10) is 
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considered a safe biosolvent, according to the Environmental Protection Agency. 
Therefore, it is a good solvent for agrochemical use due to the lack of risk to the farmer 
satisfying the needs of customers, which is the basic principle of the product 
design.[12,13]  D-Limonene, the most common terpene used as a solvent, is an 
interesting bio-derived solvent that can be obtained from citrus rinds. This compound is 
an environmental friendly chemical, which can replace typical volatile organic 
compounds. Hence, D-limonene is considered as a good choice to be included as a 
solvent in the formulation of agrochemicals. [14,15] Furthermore, the mixture of AMD-
10 and D-Limonene has been recently used in emulsions as a solvent by Santos et al, 
2014.[16] 
In addition, environmentally friendly surfactants have also recently attracted significant 
interest. Polyoxyethylene glycerol esters, which are non-ionic surfactants, have been 
considered adequate for designing ecological products due to the fact that they are 
completely innocuous for human skin and hair. [17] It has been used in detergents and 
personal care products.[18,19] One of these surfactants, namely Levenol C-201, 
possesses ecolabel (DID list: 2133).  In addition, the interfacial properties at the 
a -pinene/water interface of these surfactants, namely the equilibrium 
adsorption, dynamic surface tension and interfacial rheology have been recently 
reported. [20,21] 
The goal of this study was to investigate the influence of emulsification pressure on the 
rheological properties, DSD and the physical stability of O/W eco-friendly emulsions.  
This formulation not only contains two green solvents but also an ecofriendly surfactant 
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that satisfy the new needs of a bio-based society. This work could be considered the 
continuation of the previously reported article by Santos et al (2014).[16] 
5.2. EXPERIMENTAL SECTION 
5.2.1. Materials 
N,N Dimethyl Decanamide (Agnique AMD-10TM) and D-Limonene was kindly supplied by 
BASF and Sigma Chemical Company, respectively. A non-ionic surfactant derived from 
cocoa oil (polyoxyethylene glycerol fatty acid ester, Glycereth-17 Cocoate) was used as 
an emulsifier. Its trade name is Levenol C-201TM and it was received as a gift from KAO. 
The safety data sheet provided by the supplier reports a value for oral toxicity (LD50) 
higher than 5000 mg/kg of animal in tests carried out with rats. It is interestingly to note 
that this value would be 3000 mg/kg for salt [22]. An antifoaming agent (RD antifoam 
emulsion, DOW CORNING) was used. All emulsions were prepared using deionized 
water. 
5.2.2. Emulsion development 
5.2.2.1. Coarse emulsion preparation. 
The aqueous phase was a solution of deionized water, 0.1 wt% antifoam emulsion and 
3 wt% of the green surfactant. The oil phase (30 wt%) consisted of a mixture of two eco-
friendly solvents: AMD-10 and D-Limonene in a ratio of 75/25. This ratio of solvents was 
previously demonstrated to be optimum by Santos et al., 2014.[16] 
The coarse emulsion was created using a rotor-stator homogenizer (Silverson L5M), 




The coarse emulsion was passed through an air-driven microfluidizer (Model M-110P, 
Microfluidics, USA) operating from 5000 to 25000 psi (345-1724 bar). This equipment 
included a pneumatic pump, a filter, and an interaction chamber F12Y (Minimun internal 
dimension 75 µm).  
Emulsions were homogenized at different pressures and they were named as table 5.1 
shows.  
Table 5.1. Relation between name of emulsion and pressure that emulsion were processed at.  
Emulsion name Pressure applied (psi) Pressure applied (bar) 
E1 5000 345 
E2 10000 689 
E3 15000 1034 
E4 20000 1379 
E5 25000 1724 
 
 
The outflow sample tube of the microfluidizer was cooled with water at 15ºC in order 
to slow down the rise of temperature. For each pressure, a 250 g sample was prepared 
and passed through the microfluidizer at the set pressure for 1 cycle. Emulsions were 
prepared in duplicate 
5.2.3 Droplet size distribution measurements. 
Droplet size distributions and mean diameters of oil droplets were measured by the 
technique of laser diffraction (Mastersizer X, Malvern, Worcestershire, United 
Kingdom). All measurements were carried out in triplicate for each emulsion. The 
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influence of aging time on droplet size distributions were carried out 1, 3, 13, 21 and 40 
days after preparation.  
The mean droplet diameters were expressed as Sauter diameters (D3,2) and volume 
mean diameter (D4,3): 
𝐷3,2 =  ∑ 𝑛𝑖𝑑𝑖
3𝑁
𝑖=1 ∑ 𝑛𝑖𝑑𝑖
2 𝑁𝑖=1⁄ Eq. (1) 






where di is the droplet diameter, N is the total number of droplets and ni is the number 
of droplets having a diameter di. 
5.2.5. Rheological measurements. 
Rheological tests were performed with a controlled-stress rheometer (Haake MARS, 
Thermo-Scientific, Germany), equipped with a sand-blasted coaxial cylinder Z-20 
(sample volume: 8.2 mL, Re/Ri =1.085, Ri= 1 cm). Flow curves were carried out from 0.05 
Pa to 2 Pa at 20 ºC. The results show the mean of three measurements done of 
emulsions aged for 1, 3, 13, 21 and 40 days.  
5.2.6. Multiple light scattering  
Multiple light scattering measurements were conducted with a Turbiscan Lab Expert 
until 40 days at 20 ºC. Multiple light scattering is a sensitive and non-intrusive tool to 
allow physical stability of complex fluids to be analysed.[23,24,25] 
The creaming index (CI) [26] shown below was able to characterize the creaming 
phenomenon: 
𝐶𝐼 =  
𝐻𝑆
𝐻𝐸
· 100           Eq. (3) 
Where, HE is the total height of the emulsion and HS is the height of the serum layer.  
139 
 
Turbiscan stability index (TSI) is a parameter that can be used for the estimation of 
emulsion stability. In this study, it has been applied to study the coalescence 
phenomenon observed in the middle part of the measuring cell. When the TSI value 
increases, the stability of the system decreases. This index is a statistical factor and its 
value is given by the following equation [27,28]: 
𝑇𝑆𝐼 =  ∑ |𝑠𝑐𝑎𝑛 𝑟𝑒𝑓 (ℎ𝑗) −  𝑠𝑐𝑎𝑛𝑖(ℎ𝑗)|𝑗  Eq. (4) 
where scanref  and scani  are the initial backscattering value and the backscattering value 
at a given time, respectively. hj is a given height in the measuring cell and TSI is the sum 
of all the scan differences in the intermediate zone of the measuring cell.  
5.2.7. Microscopic observation. 
The microstructure of emulsions was observed at room temperature using an optical 
microscope Axio Scope A1 (Carl Zeiss) with an AxioCam camera. Microphotographs were 
taken of all emulsions with a 40x objective and with via the contrast phase technique. 
All samples were diluted to 1:10 in distilled water in order to improve the view of 
droplets in the micrographs. 
5.2.8. Statistical analysis. 
Laser diffraction and rheological tests were carried out in triplicate, and the resulting 
data was analysed using one-way analysis of variance (ANOVA). This was carried out 
using Microsoft excel 2013. All statistical calculations were conducted at a significance 
level of p= 0.05. 
 
5.3. Results and discussion 
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Figure 5.1 shows the droplet size distribution (DSD) for emulsions as a function of 
different emulsification processes: emulsion processed at 4000 rpm in rotor-stator (pre-
emulsion or coarse emulsion) and the emulsions processed at different homogenization 
pressures (345-1724 bar) in the Microfluidizer. The coarse emulsion showed a 
monomodal DSD while all emulsions processed in the Microfluidizer showed two 
populations of droplets. An excess of mechanical energy-input is the reason for the 
appearance of droplets above 1 µm as previously reported.[16,29]  
 
Figure 5.1. Droplet size distribution for pre-emulsion and emulsions processed in Microfluidizer 
at different pressures at one day of aging time. 
In the Microfluidizer, the energy input can be increased by the operating pressure. The 
Sauter diameter of coarse emulsions was more than 700 nm but the Microfluidizer was 
able to reduce this emulsion size significantly (Table 5.2). All emulsions processed in the 
Microfluidizer showed submicron Sauter and volumetric diameters. Results of the 
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ANOVA test demonstrated that there are no significantly differences in the DSD of the 
emulsions processed in the Microfluidizer.  
Table 5.2. Sauter and volumetric mean diameters for pre-emulsion and emulsions processed in 
Microfluidizer at different pressures one day after preparation. 
Standard deviation of the mean (3 replicates) for D3,2 < 4% 






E1 280 440 
E2 280 430 
E3 280 430 
E4 290 430 
E5 300 440 
Pre-emulsion 730 930 
 
Flow curves representing the viscosity, η, and dependence on the shear rate, ?̇?, for 
emulsions studied as a function of homogenization pressure after one day of aging time 








1−𝑛           Eq. (5) 
Where c is related to the critical shear rate for the onset of shear-thinning response, 
η0 stands for the zero-shear viscosity and (1-n) is a parameter related to the slope of the 






Figure 5.2. Flow curves for emulsions studied as a function of homogenization pressure for 1 day 
aging time at 20ºC. Continuous lines illustrate data fitting to the Cross model. 
Table 5.3. Flow curves fitting parameters for the Cross model for studied emulsions as a function 
of surfactant concentration at 1 day of aging time. 
Standard deviation of the mean (3 replicates) for η0, η∞ < 8% 
Standard deviation of the mean (3 replicates) for g
.
c < 10% 










Pre-emulsion 0.03 0.003 16.80 0.50 
E1 1.77 0.013 0.11 0.28 
E2 1.24 0.010 0.16 0.28 
E3 0.33 0.008 0.46 0.28 
E4 0.15 0.008 0.63 0.27 
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E5 0.06 0.006 2.04 0.31 
 
The values of these parameters are shown in Table 5.3 as a function of the emulsion 
processing. Coarse emulsions showed very different fitting parameter values than the 
emulsions processed in the Microfluidizer: lower zero shear viscosity and shear thinning 
behavior. This is consistent with the different mean diameters between coarse 
emulsions and emulsions processed in the Microfluidizer. The droplet-size effect in the 
rheology is particularly important for fine dispersions with droplets considerably smaller 
than 1 µm.[30] In regards to the emulsions processed in the Microfluidizer at different 
pressures, an increase in pressure provoked a decrease in zero shear viscosity and an 
increase in critical shear rate. ANOVA tests demonstrated that there are significant 
differences in zero-shear viscosity and critical shear rates for the emulsions studied. 
Taking into account that emulsions processed in the Microfluidizer turned out to have 
the same mean diameters, the aforementioned difference in zero shear viscosity is due 
to a flocculation phenomenon.[31,32] An increase in the homogenization pressure 
probably broke some flocs and decreased the zero shear viscosity since interactions of 
oil phase/emulsifier and emulsifier/emulsifier are influenced by homogenization 
conditions. [33] 
All emulsions processed in the Microfluidizer showed more shear-thinning behaviour 
than the coarse emulsion. It is related to the flocculation of microfluidized emulsions. 
Higher values of the slope of the viscosity versus shear rate plot point out more 
structured systems (aggregates of oil droplets). [34] 
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Figure 5.3 shows the Sauter and volumetric mean diameters as a function of the 
homogenization pressure for emulsions aged for 1 to 40 days. Taking into account the 
increase of D3,2 and D4,3 from day 1 to day 40 for the studied emulsions, the results 
obtained pointed out that the occurrence of some coalescence for emulsions developed 
in the 345-1379 bar range. By contrast, the E5 emulsion did not show any significant 
change of droplet sizes. It is noted that the emulsion that showed the highest value of 
zero shear viscosity increased the droplet size the most. It is consistent with the fact that 
coalescence tends to occur when droplets have been in contact for extended periods of 
time, i.e. in flocculated emulsions. This is the reason why the E5 emulsion did not show 
changes in droplet size with aging time. 
 
Figure 5.3. Sauter and volumetric mean diameters as a function of aging time for the emulsions 
processed at different pressures in Microfluidizer. 
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Additionally, figure 5.4.A and 5.4.B show the microphotographs at one day and 40 days 
of aging time for the E1 emulsion. Optical microscopy with a 40x objective does not 
possess enough resolution to an accurate analysis of droplets with diameters below 1 
µm. However, bigger droplets were analysed by an image analysis software (MatLab). 
Mean radius at one day of aging time was 0.63 ± 0.06 µm and 1.91 ±0.63 µm at 40 days 
of aging time. Therefore, a clear coalescence phenomenon was clearly detected with 
aging time. This coalescence was also qualitatively supported by laser diffraction results.  
 





Figure 5.4.B. Photomicrograph for E1 emulsion at 40 days of aging time. 
 Figure 5.5 shows the zero shear viscosity as a function of aging time for emulsions 
processed in the Microfluidizer. A progressive increase of zero shear viscosity was 
detected for the E5 emulsion. In addition, an increase of zero shear viscosity from day 1 
to day 3 was also detected for E1, E2 and E4 emulsions. The increase of zero shear 
viscosity with aging time indicated a destabilization process by incipient creaming 
and/or flocculation. However, a decrease in zero shear viscosity from day 3 to 40 for 
E1,E2 and E4 emulsions and a slight decrease in zero-shear viscosity for the E3 emulsion 
were detected. This fact pointed out a coalescence process that supports laser 
diffraction results (see figure 4.3). Thus, the incipient flocculation/creaming of E1,E2 and 




Figure 5.5. Zero-shear viscosity as a function of aging time for all the studied. emulsions. Note: 
Standard deviation of the mean (3 replicates) for η0 < 8%. 
 
Figure 5.6 shows the results of the physical stability study performed at 20 ºC by the 
multiple light scattering technique for E1 and E5 emulsions. Figure 5.6A shows a plot of 
backscattering (BS) versus height of the measuring cell at 20 ºC for E1 emulsion. This 
figure also includes an inset where backscattering is plotted versus the cell height 
measurement in order to display a higher resolution of backscattering changes. A 
backscattering increase in the lower and intermediate zones of the measuring cell was 
observed whereas it decreased in the upper zone. The fact that the backscattering 
increases in the lower and intermediate zone suggests that destabilization mechanisms 
such as flocculation and coalescence were significant for this emulsion. [25] Concerning 
the backscattering decrease observed at the top of the measuring cell, we think it may 
be attributed to the occurrence of some coalescence as a consequence of the migration 
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of bigger droplets to the top. This coalescence led to an oiling-off process.  This 
behaviour was also shown by the E2 and E3 emulsions. This coalescence showed in MLS 
is the cause of the decrease of zero shear viscosity with aging time (fig 5.5). In addition, 
MLS supports laser diffraction results. 
 
Figure 5.6a. Backscattering versus measuring cell height as a function of aging time in normal 
(main figures) and reference mode (insets) for E1 emulsion at 25oC. Note: the insets illustrate ΔBS 
values at the bottom of the measuring cell. 
Figure 5.6b shows a plot of BS versus container height for the E5 emulsion. BS did not 
change in the intermediate zone for the E5 emulsion. This suggests that neither 
coalescence nor flocculation were taking place. Nevertheless, a decrease in BS in the 
bottom zone of the measuring cell was observed, which reveals the beginning of a 
creaming process. [34] This fact is consistent with the rheological results with aging time. 
With regards to the backscattering decrease observed at the top of the measuring cell, 
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we think it may be attributed to the aforementioned oiling-off. This behaviour is also 
observed in the E4 emulsion. However, this emulsion also showed a slight increase of 
the BS in the intermediate zone of the measuring cell due to coalescence as previously 
explained. This coalescence was also shown by mean of both rheological and laser 
diffraction techniques. 
 
Figure 5.6b. Backscattering versus measuring cell height as a function of aging time in normal 
(main figures) and reference mode (insets) for E5 emulsion at 25oC. Note: the insets illustrate ΔBS 
values at the bottom of the measuring cell. 
Figure 5.7.A shows the Turbiscan Stability Index (TSI) in the middle zone of the 
measuring cell for emulsions processed in Microfluidics at 40 days of aging time. Higher 
values of TSI in the middle zone are related to the coalescence and/or flocculation 
phenomena. The E1 emulsion exhibited the highest value of TSI while the E5 emulsion 
showed the lowest. The highest TSI values in the intermediate zone for the E1 and E2 
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emulsions confirmed they underwent a coalescence phenomenon, as experimentally 
checked by laser diffraction. The E3 and E4 emulsions did not show such high TSI values 
as compared to the E1 and E2 emulsions. Thus, the E5 emulsion showed the lowest value 
of TSI at 40 days of aging time, which supports the laser diffraction and rheology results. 
 
Figure 5.7a. Turbiscan Stability Index (TSI) in the middle zone of the measuring cell for studied 
emulsions at 40 day of aging time.  
Figure 5.7.B shows the creaming index (CI) as a function of aging time for emulsions 
processed at different homogenization pressures. It should be stated that E1,E2 and E3 
emulsions did not show creaming in MLS. By contrast, E4 and E5 emulsions showed an 
increase of CI with aging time. Moreover, the initial slope of the plot of CI versus time is 







           Eq. (6) 
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Creaming rate values were very similar for these emulsions (see inset figure 7b). 
However, an increase of 7 days for delay time was found for the E4 emulsion in 
comparison with the E5 emulsion. This is explained by the difference of the zero shear 
viscosity of the emulsions at one day of aging time. Emulsions with lower viscosities tend 
to break up more quickly by creaming. [26]. Furthermore, the emulsion that showed an 
increase of zero shear viscosity with aging time (E5 emulsion) is the emulsion that 
present the lowest delay time for creaming. Hence, both techniques supports each 
other. 
 
Figure 5.7b. Creaming Index as a function of aging time for studied emulsions. 
5.4. Conclusions 
Microfluidization was capable of producing nano-emulsions for the eco-friendly 
formulation studied, regardless of the homogenization pressure used. These emulsions 
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showed re-coalescence due to an over-processing undergone during their preparation. 
In spite of the fact that all microfluidized emulsions did not show significant changes in 
the DSD, these emulsions exhibited different values of zero shear viscosity. Emulsions 
processed at lower homogenization pressures showed higher values of zero shear 
viscosity; this is related to flocculated emulsions. This flocculation led to a coalescence 
process. Furthermore, slightly flocculated emulsions did not show an increase of the 
droplet size, but rather the creaming process took place. Consequently, moderate 
pressure of 1034 bar (15000 psi) responded better than higher or lower pressures due 
to the lack of creaming and a lower coalescence. Hence, Rheology was a relevant and 
decisive tool to allow us to understand why different destabilization mechanisms occur 
depending on homogenization pressure in emulsions with very similar DSD.  
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Chapter 6: Optimization of a Green 







Green chemistry raise the design of new products and processes that considers the 
reduction or removal of the use or production of hazardous substances. In this sense, 
this study has been focused on the development of the stable emulsions using 
ecofriendly ingredients and taking into account that energy requirements should be 
minimized. Physical stability of emulsions studied was explored by mean of a 
combination of different techniques such as laser diffraction, multiple light scattering 
and rheology. It has been proven that the coalescence process was detected not only 
from laser diffraction measurements but also from analysis of plateau modulus with 
aging time. This rheological parameter was also useful to distinguish between grades of 
flocculation. In addition, Turbiscan Stability Index showed that the stability enhanced at 
higher homogenization rates for 30 wt% emulsions, conversely for 40 wt% emulsions. 
The results obtained from the combination of different techniques used demonstrated 
that the most stable emulsion was achieved with 40 wt% dispersed phase using less 
energy input, which lies at the heart of sustainable society. 
6.1. Introduction  
Emulsions are thermodynamically unstable systems consisting of at least two immiscible 
fluids, one of which is dispersed in form of droplets in the other. Emulsions tend to break 
down over time due to a variety of physicochemical mechanisms, such as creaming, 
flocculation, coalescence and Ostwald ripening 1. However, flocculation in emulsions 
sometimes could be desirable. Usually flocculated emulsions exhibit a highly shear-
thinning behaviour and higher viscosity. This is due to the increase of droplet-droplet 
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interactions 2 .The higher viscosity created by a flocculated network has been reported 
to stabilize the emulsion temporarily against phase separation 3,4.  
There are two different methods to prepare an emulsion, namely low-energy or high-
energy methods. The second group is more likely to be use in the industry due to their 
scale-up and equipment availability. Rotor-stator devices, membranes, high-pressure 
homogenizers or Microfluidizer are common to use to prepare an emulsion. Energy 
dissipation required to achieve a mean droplet size of 0.5–100 µm using rotor-stator 
device typically range from 103 to 105 W/kg, while energy dissipation of high pressure 
homogenizers range about 108 and for ultrasonics about 109 W/kg 5. Hence, the 
reduction in energy requirements by using a rotor-stator is very significant compared 
with other homogenization processes. Low energy consumption lies at the heart of 
sustainable and socially responsible society 6,7. However, the energy input level of 
emulsification is not only related to create smaller droplets, but also may affect the 
aggregation of droplets 8.  
In many emulsion applications such as cosmetics, foods, or paints, rheological properties 
have been of primary importance in the past 50 years. Many studies of the influence of 
aging time on zero shear viscosity and the viscoelastic functions to predict physical 
stability have been reported due to its direct relation with droplet size distribution and 
dispersed phase content 9,10 11  
Researchers are engaged to explore new eco-friendly solvents for different applications 
due to the current trends in green chemistry and to replace the traditional organic 
solvents.12 These new solvents must satisfy the customer requirements as well as they 
should derive from renewable resources. This study was focused on preparation of 
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emulsions containing eco-friendly solvents such as N,N-dimethyldecanamide and D-
Limonene 13 and a green surfactant possessing an eco-label (DID list: 2133). In addition, 
-pinene/water interface of this 
surfactant, namely the equilibrium adsorption, dynamic surface tension and interfacial 
rheology have been recently reported. 14, 15 Apart from that, it is interesting to mark the 
role of a non-ionic surfactant improving the physical stability against flocculation and/or 
coalescence due a steric effect. This steric effect is based on the fact of the surfactants 
chains overlap with each other. 16 
The objective of the present work was to evaluate the influence of a processing 
parameter (homogenization rate) and a formulation parameter (dispersed phase 
content) on droplet size, stability and rheology of eco-friendly emulsions. This was based 
on the achievement of stable emulsions with submicron droplets modifying and 
controlling the formulation variables minimizing the energy required.  
 
6.2. Materials and methods 
6.2.1. Materials  
N,N Dimethyl Decanamide (Agnique AMD-10TM) and D-Limonene, was kindly supplied 
by BASF and Sigma Chemical Company respectively. A non-ionic surfactant derived from 
cocoa oil (polyoxyethylene glycerol fatty acid ester, Glycereth-17 Cocoate) was used as 
emulsifier. Its trade name is Levenol C-201TM and it was received as a gift from KAO. An 
antifoaming agent (RD antifoam emulsion, DOW CORNING) was used. All emulsions 
were prepared using deionized water. 
6.2.2. Emulsion preparation 
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The aqueous phase was a solution of deionized water, 0.1 wt% antifoam emulsion and 
3 wt% of the green surfactant. The oil phase (30 wt% or 40 wt%) consisted of a mixture 
of two eco-friendly solvents: AMD-10 and D-Limonene in a ratio of 75/25. This ratio of 
solvents was previously demonstrated to be optimum by Santos et al., 2014.17 
Emulsions were prepared using a rotor-stator homogenizer (Silverson L5M), equipped 
with a mesh screen, in the range 3000-8000 rpm during 60 seconds. 
6.2.3 Droplet size distribution measurements. 
Droplet size distributions and mean diameters of oil droplets were measured by laser 
diffraction technique (Mastersizer X, Malvern, Worcestershire, United Kingdom). All 
measurements were carried out in triplicate for each emulsion. The influence of aging 
time on droplet size distributions were carried out 1, 3, 13, 21 and 40 days after 
preparation.  
The mean droplet diameters were expressed as Sauter diameter (D3,2) and volume mean 
diameter (D4,3): 
          Eq. (1) 
          
Eq. (2) 
where di is the droplet diameter, N is the total number of droplets and ni is the number 
of droplets having a diameter di. 
6.2.4. Rheological measurements. 
Rheological tests were performed with a controlled-stress rheometer (Haake MARS, 































coaxial cylinder Z-20 (sample volume: 8.2 mL, Re/Ri =1.085, Ri= 1 cm). Flow curves were 
carried out from 0.05 Pa to 2 Pa at 20 ºC. The results show the mean of three 
measurements done of emulsions aged for 1, 3, 13, 21 and 40 days.  
40 wt% emulsions were measured using a sandblasted double-cone geometry (angle: 
0.017 rad; diameter: 60 mm). Flow curves for 40 wt% emulsions processed above 5000 
rpm were carried out from 0.05- 5 Pa. 
6.2.5. Multiple light scattering  
Multiple light scattering measurements were conducted with a Turbiscan Lab Expert 
until 30 days at 20 ºC. Multiple light scattering is a sensitive and non-intrusive tool to 
allow physical stability of complex fluids to be analysed.18,19,20 
Turbiscan stability index (TSI) is a parameter that can be used for estimation of emulsion 
stability. This index is a statistical factor and its value is given by the following equation 
21,22: 
          Eq. (3) 
where scanref  and scani  are the initial backscattering value and the backscattering value 
at a given time, respectively, hj is a given height in the measuring cell and TSI is the sum 
of all the scan differences in the measuring cell. When the TSI value increases the 
stability of the system decreases. 
6.2.6. Statistical analysis. 
( ) ( )ref j i j
j
TSI scan h scan h 
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Laser diffraction were carried out in triplicate, and the resulting data was analyzed using 
one-way analysis of variance (ANOVA). This was carried out using Microsoft excel 2013. 
All statistical calculations were conducted at a significance level of p= 0.05. 
6.3. Results 
 
Figure 6.1 shows the influence of homogenization rate on droplet size distribution (DSD) 
for a) 30 wt% emulsions and b) 40 wt% emulsions. The same trend in the DSD and Sauter 
diameter was observed for 30 wt% and 40 wt% emulsions: an increase of 
homogenization rate provoked a decrease in droplet sizes (Table 6.1). However, a strong 
influence of homogenization rate on DSD for 30 wt% emulsions was shown whereas only 
a slight influence was exhibited for 40 wt% emulsions. This fact was also observed in 
Sauter diameters, which decreased in a 69% for 30 wt% emulsions and only a 23% for 
40 wt% emulsions from the lowest homogenization rate to the highest one. Results of 
the ANOVA test demonstrated that there are significantly differences in the Sauter 
diameters of the emulsions studied. The ratio oil/surfactant (R) has been fixed with the 
value of 0.1. As a consequence, an increase in the dispersed phase content increases the 
viscosity of the continuous phase ,ηc. An increase of ηc may provoke a change of regime 
of emulsification from inertial to viscous 23.  In the turbulent inertial regime, the drops 
are larger in diameter than the smallest turbulent eddies in the continuous phase, 
whereas in the turbulent viscous regime the drop diameter is smaller than the size of 
the smallest eddies. This fact can be the reason why smaller droplets were obtained in 
40 wt% emulsions. Therefore, viscosity of the continuous phase could influence on the 








Figure 6.1b. Droplet size distribution for 40 wt% emulsions as a function of homogenization rate. 
Table 6.1. Sauter diameter values for 30 wt% and 40 wt% emulsions processed at different 




3000 rpm 1.07 - 
4000 rpm 0.73 0.39 
5000 rpm 0.47 0.34 
6000 rpm 0.35 0.31 
7000 rpm 0.33 0.31 
8000 rpm - 0.30 
 
Figure 6.2 shows the influence of homogenization rate on flow properties for a) 30 wt% 
emulsions and b) 40 wt% emulsions. All emulsions exhibited shear-thinning behaviour, 
which fitted fairly well with Cross model (R2>0.99). Fitting parameters for this model are 
shown in table 6.2. There is an increase in zero-shear viscosity (η0) with homogenization 
rate for 30 wt% emulsions except for these processed at 7000 rpm. The increase of zero-
shear viscosity with homogenization rate up to 6000 rpm is related to the reduction of 
droplet-size 2. However, 7000 rpm did not follow this trend. This fact could be due to 
the break down of possible flocs, since 7000 and 6000 rpm emulsions showed the same 
DSD. In addition, emulsions with higher zero shear viscosity showed lower values of flow 
index. This means that these emulsions exhibited more shear thinning behaviour that 
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may be related to an increase of flocculation degree.24 This phenomenon may explain 
the results obtained for 7000 and 6000 rpm emulsions previously mentioned.  
 




Figure 6.2.B. Flow curves for 40 %wt emulsions as a function of homogenization rate at 20oC.  
Table 6.2. Fitting parameters to Cross model for the emulsions studied.  
Homogenization 
rate (rpm) 
η0 (Pa·s) 1/k (s-1) n 
30 wt% 40 wt% 30 wt% 40 wt% 30 wt% 40 wt% 
8000 x 2200 x 4986 x 0.10 
7000 0.030 1961 23 4152 0.57 0.09 
6000 0.045 2074 11 5512 0.49 0.09 
5000 0.041 49.9 14 2200 0.51 0.33 
4000 0.032 1.2 17 28.7 0.60 0.45 
3000 0.026 x 25 x 0.65 x 
 
An increase of zero shear viscosity with homogenization rate was also observed in 
40wt% emulsions but it did not vary significantly in the range from 6000 to 8000 rpm, 
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which was demonstrated by ANOVA test. An important increase of both zero shear 
viscosity and flow index was detected for emulsions processed from 5000 rpm to 6000 
rpm. This fact is probably due to a flocculation process induced by homogenization 
conditions since droplets size were very similar as previously explained 24.  Flocculation 
tends to occur when the attractive interactions between droplets dominate the long-
range repulsive interactions, but not the short-range repulsive interactions. Therefore, 
the droplets remain in close proximity to each other (flocculation), but not close enough 
to merge into each other (coalescence). Coalescence is defined by the process whereby 
two or more liquid droplets merge to form a single larger droplet. By contrast, droplets 
remain its own identity during flocculation process. The rate at which droplet 
flocculation occurs depends on the droplet-droplet collision frequency and collision 
efficiency. Droplet collisions due to Brownian motion in the dominant mechanism in 
systems containing relatively small droplets.  In this case, collision frequency increases 
with increasing both dispersed phase content and homogenization rate.25 Therefore, the 
increase of homogenization rate and/or dispersed phase content could produce 
flocculation during preparation. However, it should be noted that if the attractive 
interactions between the droplets in a floc are fairly weak then the floc may 
spontaneously dissociate due to Brownian motion or applied forces.25 Hence, an excess 
on mechanical energy can break up flocs. 
Figure 6.3 shows the mechanical spectra of 40 wt% emulsions processed at  6000,7000 
and 8000 rpm. These emulsions exhibited storage modulus (G’) higher than loss modulus 
(G’’) in the frequency range studied. A minimum of G’’ indicates that the mechanical 
spectra for these systems correspond to the plateau zone, which is a typical weak gel-
like behaviour. However, there are no significant differences between 6000 and 7000 
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rpm whereas 8000 rpm emulsion showed lower values of G’ and G’’. A higher G’ and G’’ 
values was previously interpreted as a first indication of the existence of flocculation by 
Calero et al 26 Furthermore, this can be clearly detected by the changes in characteristic 
frequency (ωc) and plateau modulus (𝐺𝑁
′0), which are shown in table 6.3. This fact may 
be attributed to a break down of flocs. It should be remarked that not significant 
differences were found in zero-shear viscosity for 40 wt% emulsions processed at  
6000,7000 and 8000 rpm . Hence, Small Amplitude Oscillatory Stress (SAOS) technique 
was more sensitive to detect these slight structural changes as a consequence of oil 
droplet flocculation process. 26 Thus, systems which could not be differentiated by using 
flow tests showed different both viscoelastic functions (G’, G’’) and viscoelastic 
parameters (ωc, 𝐺𝑁
′0 ) resulting from SAOS tests. Therefore, SAOS tests are efficient tool 
to recognise slightly different grades of flocculation. 
 
Figure 6.3. Mechanical spectra for 40 wt% emulsions as a function of homogenization rate. 
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Table 3. Characteristic frequency and Plateau modulus for emulsions which showed viscoelastic 
properties. 
Homogenization rate (rpm) ωc (rad/s) 𝑮𝑵
′𝟎 (Pa) 
6000 9.2 20.5 
7000 9.2 20.3 
8000 6.3 16.0 
 
In order to quantify the coalescence in emulsions with aging time, the normalised 
difference of D4.3 was used. We have defined this parameter as follows: 
∆𝐷4.3 =  
 𝐷4.3 (𝑑𝑎𝑦 40)− 𝐷4.3 (𝑑𝑎𝑦 1)
𝐷4.3 (𝑑𝑎𝑦 1)
· 100  Eq (4) 





Figure 6.4. Influence of homogenization rate on ΔD4.3 as a function of dispersed phase content 
for the emulsions studied. 
On the one hand, ΔD4.3 showed a value of nearly 0 for 30 wt% emulsions processed 
above 3000 rpm. This demonstrated that these emulsions did not undergo a significant 
coalescence process in 40 days. 30 wt% emulsions prepared at 3000 rpm showed a little 
value of ΔD4.3 . Hence, a slight increase in volumetric diameter was observed with aging 
time. 
On the other hand, 40 wt% emulsions up to 5000 rpm showed values of ΔD4.3 about 0 
whereas above 5000 rpm showed high values of ΔD4.3. This fact point out a coalescence 
process, which is favoured by a previous flocculation mechanism since coalescence 
occurs when the droplets are in contact for a long time.   In addition, there is no increase 
of D4.3 for 40 wt% emulsions up to 5000 rpm which means that coalescence was not 
taking place. Therefore, only emulsions containing flocs underwent a significant 
coalescence process after 40 days. 
Figure 6.5.A shows the influence of the aging time on zero shear viscosity for 30 wt% 
emulsions. An increase of zero shear viscosity was observed from day 1 to day 40 in all 
emulsions except for this processed at the minimum homogenization rate studied. This 
growth is related to higher content of the dispersed phase in the upper zone of the vial, 
which points out creaming and/or flocculation process. By contrast, emulsions 
processed at 3000 rpm showed a decrease of zero shear viscosity with aging time. This 
fact is due to an increase of the droplet size as a consequence of a coalescence 
phenomenon. Only the emulsion with the highest Sauter diameter at day 1 underwent 
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coalescence, which supports the direct relationship between coalescence rate and 
Sauter diameter 27.   
 
Figure 6.5.A. Zero shear-viscosity for 30 wt% emulsions with aging time as a function of 
homogenization rate. 
Figure 6.5.B shows the influence of the aging time on zero shear viscosity for 40 wt% 
emulsions. Emulsions processed at higher homogenization rates (6000-8000 rpm), 
which possessed viscoelastic properties, showed a decrease of zero shear viscosity. This 
fact points out these emulsions underwent a destabilization process by coalescence. 
This is consistent with laser diffraction results. On the contrary, 40 wt% emulsions 
processed up to 5000 rpm showed an increase of zero shear viscosity with aging time, 




Figure 6.5.B. Zero shear-viscosity for 40 wt% emulsions with aging time as a function of 
homogenization rate. 
The influence of aging time on 𝐺𝑁
′0 as a function of homogenization rate for 40 wt% 
emulsion was showed in figure 6.6. There is a clear falling down of 𝐺𝑁
′0 with aging time 
for these emulsions, which reveals coalescence phenomenon. It is interesting to remark 
that this parameter obtained from oscillatory tests are more sensitive than a parameter 
resulting from flow test, as previously mentioned. In this sense, emulsions processed at 
7000 rpm did not show significant variation of zero shear viscosity with aging time. 
However, the plateau modulus underwent a clear decrease with aging time as a 
consequence of coalescence. Furthermore, emulsions processed at 6000 and 8000 rpm 
showed a decrease of plateau modulus as well as of zero shear viscosity. These 




Figure 6.6. Plateau modulus with aging time as a function of homogenization rate for emulsions 
which showed viscoelastic properties. 
In order to compare the physical stability of all emulsions studied, TSI global parameter 
for 30 days have been showed in figure 6.7. This parameter allows all the mechanisms 
involved in the destabilization of emulsions to be quantified. Consequently, it is a 
measure of not only creaming but also coalescence and/or flocculation; that is, TSI global 
parameter is the total contribution of each destabilization process. There is a decrease 
of TSIglobal  with homogenization rate followed by a trend to reach a constant value about 
6000 rpm for 30 wt% emulsions. By contrast, an increase of TSIglobal  with 
homogenization rate was observed for 40 wt% emulsions. Thus, 30 wt% emulsions 
processed at 6000-7000 rpm and 40 wt% emulsions processed at 4000 rpm showed the 
best stability, respectively.  It is important to remark that both optimum homogenization 
rate and destabilization mechanisms were different depending on dispersed phase 
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content. Hence, it is not adequate to extrapolate processing conditions even to a slightly 
different formulation.  
 
Figure 6.7. TSI global at 30 days of aging time as a function of homogenization rate for 30 and 
40 wt% emulsions 
Conclusions 
DSD was strongly influenced by homogenization rate for 30 wt% emulsions but slightly 
influenced for 40 wt% emulsions due to a change of regime. By contrast, zero-shear 
viscosity changes more in 40 wt% than in 30 wt% emulsions with homogenization rate. 
This fact is related to a flocculation process induced by energy input (above 5000 rpm). 
These aforementioned emulsions showed viscoelastic properties. As a consequent, 
plateau modulus were calculated and was used to detect destabilization mechanisms by 
mean of its variation with aging time. In this sense, this rheological parameter was 
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demonstrated to be an useful tool in order to predict coalescence before visual 
observation and to distinguish between different grades of flocculation. Furthermore, 
flocculated 40 wt% emulsions showed coalescence with aging time while 30 wt% 
underwent creaming process due to the low zero shear viscosity shown. This supports 
the laser diffraction and rheology results. It is important to remark that the main 
destabilization mechanism is influenced by not only the dispersed phase content but 
also the homogenization rate. Hence, this study demonstrate the importance of 
flocculation induced by emulsification process in emulsions. 
The most stable emulsion was 40 wt% processed at 4000 rpm in the rotor-stator device. 
Therefore, a more concentrated emulsion was achieved using less energy input, which 
fulfil the demands of a bio-based society.  
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Chapter 7: Differences between Ostwald 
ripening and coalescence by analysing 







Two different mechanisms can provoke an irreversible droplet size increase: 
coalescence and Ostwald ripening. The latter is generally modelled with the well-know 
Lifshitz-Slyozov-Wagner (LSW) theory while coalescence follows the equation proposed 
by Weers and Kabalnov. This contribution deals with the study of the influence of 
surfactants ratio, a triblock copolymer (Pluronic PE9400) and a polyoxyethylene glycerol 
fatty acid ester (Levenol C201), in emulsions formulated with a mixture of two 
biosolvents. Emulsions containing Pluronic at any concentration underwent Ostwald 
ripening while coalescence took place in emulsions which contained only Levenol C201. 
This fact was analysed not only by mean of average diameters but also by rheological 
properties and a parameter derived from Multiple light scattering measurements with 
aging time. Pluronic PE9400 formed multilayers in the emulsions studied, which could 
promote both flocculation during processing and Ostwald ripening. By contrast, Levenol 
C201 showed a compact adsorbed layer with the molecules perpendicularly oriented to 
the interface. This difference of structure may be the reason of the different 
destabilization mechanisms that took place. This work studies the differences between 
Ostwald ripening and coalescence using different techniques such as Multiple Light 
Scattering, rheology and laser diffraction. Furthermore, the importance of the 
surfactant selection in the formulation of emulsions showing similar Droplet Size 
Distributions after preparation is demonstrated.   
7.1. INTRODUCTION  
Oil in water (O/W) emulsions are complex systems composed of an oil-dispersed phase 
and an aqueous continuous phase [1]. They are thermodynamically unstable but may 
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become kinetically stable depending on the formulation and processing [2][3][4]. Some 
of the most important characteristics are the solubility of the two phases, the amount 
and types of surfactants used as well as the volume ratio.[2] Different destabilization 
mechanisms can take place in emulsions involving droplet migration/aggregation or 
droplet size increase. Namely, irreversible droplet size increase may occur through two 
different mechanisms: Ostwald ripening and coalescence. Ostwald ripening involves a 
diffusive transfer of the dispersed phase from smaller to the larger droplets. Conversely, 
coalescence is the rupture of the thin film between droplets leading them to fuse into a 
single one.   
The Ostwald ripening process is generally modelled by the well know Lifshitz-Slyozov-
Wagner (LSW) theory, for O/W emulsions without excess of surfactant.  
This theory is based on the assumption that the diffusion of oil through the water 
determines the overall Oswald ripening rate.[5] [6] This theory predicts that, at 
asymptotically long times, there is a constant Ostwald ripening rate ωT which is 









 (𝐸𝑄. 7.1) 
 
Where, 𝛾 is the interfacial tension between oil and aqueous phases at the droplet 
surface, Vm is the molecular volume of the oil, 𝑐𝑤
𝑒𝑞
 is the aqueous oil solubility, Dw is the 
diffusivity of the oil molecule, k is Bottzmann´s constant and T is absolute temperature.  
This equation based on diffusion controlled ripening has been recognized in sub-micron 
diluted emulsions stabilized by ionic or non ionic surfactant. Diffusion could be 
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accelerated due to the micellar solubilization of oil in the aqueous phase. In addition, 
the micelles might act as a carrier that substantially increases the ripening rate [7].  










Where, D0 is the initial diameter and D is the diameter at time t. 
It has been reported that the combination of two mechanisms or the coarsening is 
sometimes determined first by Ostwald Ripening followed by coalescence.  [9]  
Green solvents fulfil the new necessities of the society and chemical industry and replace 
the non-ecological traditional solvents progressively. N,N-dimethyldecanamide (AMD-
10) and D-Limonene are considered eco-friendly solvents that have been used in 
matrices for agrochemical products [10]. The latter, a natural hydrocarbon, is a natural 
biosolvent derived from the rinds of citrus fruits such as grapefruit, lemon, lime, and in 
particular, oranges. Also, ecological surfactants have been attracted much attention 
recently. Levenol C-201, a green emulsifier which possesses ecolabel, is a non-ionic 
surfactant derived from coconut oil. 
Pluronics are non-ionic triblock copolymers also known as polaxamers. They are formed 
by two hydrophilic side chains of poly(ethylene oxide), PEO, and a central hydrophobic 
chain of poly(propylene oxide),PPO. They are usually denoted (PEOx-PPOy-PEOx), where 
x and y are the repeating PEO and PPO units, respectively. They have many applications 
in fields such as cosmetics, pharmaceutical industry, emulsification and foaming [11–13] 
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Laser diffraction, Multiple Light Scattering (MLS) and Rheology were used to study the 
physical stability of emulsions containing green solvents with different ratios of a 
polyoxyethylene glycerol ester (Levenol C-201) and a polymeric surfactant (Pluronic 
9400). Furthermore, this work shows a rheological, MLS and droplet size analysis about 
the differences between coalescence and Ostwald ripening in emulsions.  
7.2. Materials and methods 
7.2.1. Materials 
N,N Dimethyl Decanamide (Agnique AMD-10TM, BASF) and D-Limonene (Sigma Chemical 
Company) were used as dispersed phase. Levenol C-201TM (polyoxyethylene glycerol 
fatty acid ester, Glycereth-17 Cocoate), whose HLB is 13,  was supplied by KAO. The 
triblock copolymer Pluronic PE9400 (PEO21-PPO50-PEO24, Mw= 4600 g·mol-1 and HLB=12-
18) was provided by BASF. HLB value of this Pluronic is defined as 20 MW,PEO/MW where 
MW,PEO is the molecular weight of the hydrophilic PEO units and Mw is the total 
molecular weight.  An antifoaming agent (RD antifoam emulsion, DOW CORNING) was 
used. All emulsions were prepared using deionized water. 
7.2.2. Emulsion preparation 
The aqueous phase contained deionized water, 0.1 wt% antifoam emulsion and 4 wt% 
of the mixture of surfactants. The ratios studied were Levenol C-201/PE 9400: 
4/0,3/1,2/2,1/3,0/4.  The oil phase (40 wt%) consisted of a mixture of two green 
solvents: AMD-10 and D-Limonene in a ratio of 75/25. This ratio of solvents was 
previously demonstrated to be optimum in 30 wt% emulsions by Santos et al., 2014.[10] 
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Emulsions were prepared using a rotor-stator homogenizer (Silverson L5M) with a mesh 
screen, at 8000 rpm during 60 seconds. This homogenization rate was the minimum 
homogenization rate needed to form all emulsions.  
7.2.3 Droplet size distribution measurements. 
Droplet size distributions and mean diameters of oil droplets were measured by laser 
diffraction technique (Mastersizer X, Malvern, Worcestershire, United Kingdom). All 
measurements were carried out in triplicate for each emulsion. The influence of aging 
time on droplet size distributions were carried out for 20 days.  
The mean droplet diameters were expressed as Sauter diameter (D3,2) and volume mean 
diameter (D4,3): 
          (EQ.7.3) 
          
 (EQ.7.4) 
where di is the droplet diameter, N is the total number of droplets and ni is the number 
of droplets having a diameter di. 
7.2.4. Rheological measurements. 
Rheological tests were performed with a controlled-stress rheometer (Haake MARS, 
Thermo-Scientific, Germany). Emulsions studied were measured using a sandblasted 
double-cone geometry (angle: 0.017 rad; diameter: 60 mm). Flow curves were carried 
out from 0.05- 5 Pa. Small Amplitude Oscillatory Stress (SAOS) were conducted from 20 
to 0.05 rad/s and at a shear stress lower than the critical stress.  































Multiple light scattering (Turbiscan Lab Expert) measurements were conducted with 
aging time at 20 ºC.  
Turbiscan stability index (TSI) is a parameter that can be used for estimation of emulsion 
stability. This index is a statistical factor and its value is given by the following equation 
[14],[15]: 
          (EQ.7.5) 
Where scanref and scani are the initial backscattering value and the backscattering value 
at a given time, respectively, hj is a given height in the measuring cell and TSI is the sum 
of all the scan differences in the measuring cell. When the TSI value increases the 























Figure 7.1A. Droplet size distribution for emulsions containing different ratio of surfactants at 
two hours of aging time.  
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Figure 7.1A shows Droplet Size Distribution (DSD) for emulsions with different ratios of 
Levenol C201/Pluronic PE9400 for 2 hours of aging time. All emulsions exhibited bimodal 
distributions: first population below 1 µm and second population above. This second 
peak is due a recoalescence phenomenon that took place during the processing. [10,16] 
Nevertheless, differences in the grade of recoalescence can be noted. In order to clarify 
this point, figure 7.1B shows Sauter and volumetric diameters as well as span for 
emulsions studied. There are no significant differences in Sauter diameters for 
emulsions studied. However, emulsions with higher content in PE9400 showed lower 
volumetric diameters and lower span. It is important to highlight the existence of a trend 
in volumetric diameter and span with the content of PE9400. This is a clear consequence 
of the reduction of recoalescence. Hence, emulsions with higher content in PE9400 
showed less droplets in the second population, which is also seen in figure 7.1A. This 
fact indicates that PE9400 protects interface oil-water against recoalescence better than 
Levenol C-201.  
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Figure 7.1B. Sauter, volumetric diameters and span for emulsions containing different 
continuous phases for 2 hours of aging time. 
 
Figure 7.2 shows the influence of ratio Levenol/Pluronic that is contained in continuous 
phase on flow properties of emulsions studied. All emulsions exhibited shear-thinning 
behaviour and the data obtained were fitted fairly well by Cross model (R2>0.99). Fitting 








1−𝑛           EQ. 7.6 
Where c is related to the critical shear rate for the onset of shear-thinning response, 
η0 stands for the zero-shear viscosity and (1-n) is a parameter related to the slope of the 





A decrease of zero shear viscosity with Pluronic concentration can be observed when 
the predominant surfactant is Levenol. This fact is consistent with the viscosity of 
continuous phases (Table 7.2) since emulsion with 4/0 ratio showed the highest viscosity 
followed by 3/1 ratio. On the contrary, when the predominant surfactant is Pluronic 
PE9400 and for the ratio 2/2, the increase of PE9400 provoked an increase of zero-shear 
viscosity. This is not consistent with Sauter diameter since all emulsions did not show 
significant differences. In addition, this trend cannot be explained by the viscosity of the 
continuous phases. Hence, this fact points out that there is an increase of viscosity due 
to flocculation. Interestingly, Pérez-Mosqueda et al. stated that there is a 
conformational change of Pluronic PE9400 molecules from a 2D conformation to a 3D 
brush/mushroom when Pluronic concentration increase [17]. Thus, pluronic would 
exhibit 3D conformation for the pluronic concentration used in these emulsions. This 
conformation is characterized by brush-brush forces and it could form multilayers in oil-
water interfaces. [18,19] Therefore, this structure could promote the flocculation when 
pluronic is the predominant surfactant. By contrast, the study of the equilibrium surface 
pressure isotherms reported by Trujillo-Cayado et al. stated that Levenol C201 develops 
a compact adsorbed layer with the molecules perpendicularly oriented to the 
interface.[20] Hence, the structural difference could be the reason why Pluronic may 
lead to flocculated emulsions during preparation and Levenol does not. Furthermore, 
this could be also the explanation why Pluronic protected better the interface against 
recoalescence provoked by the processing. Apart from that, CMC of Levenol C-201-
Limonene mixture is higher than their counterpart in Pluronic. [17,20]. This fact is 
related to a higher amount of micelles in Pluronic-based emulsion. These micelles could 






























Figure 7.2. Flow curves for emulsions containing different continuous phases for 24 hours of 
aging time. 
Table 7.1. Fitting parameters to Cross model for emulsions studied. 
Ratio L/P η∞ (Pa·s) η0 (Pa·s) k (s) n 
0/4 0.0001 86295 9215 0.08 
1/3 0.04 49481 13447 0.08 
2/2 0.05 5500 2962 0.11 
3/1 0.05 2295 3368 0.10 
4/0 0.03 5023 7724 0.10 
  
Table 7.2. Continuous phase density and viscosity values at 20oC.  
Ratio Levenol/Pluronic in 
continuous phase 
δ (kg/m3) η (mPa·s) 
4/0 1.0045 ± 0.0001 25.30 ± 0.7 
3/1 1.0082 ± 0.0001 3.90 ± 0.02 
2/2 1.0086 ± 0.0001 2.15 ± 0.04 
1/3 1.0097 ± 0.0001 1.93 ± 0.02 


































Figure 7.3. Mechanical spectra for 40 wt% emulsions as a function of ratio of Levenol 
C201/Pluronic PE9400 and the slope of G’.  
 
Figure 7.3 shows mechanical spectra for all emulsions studied. G’ is higher than G’’ in 
the frequency range studied for all the samples. However, different slopes of G’ were 
observed as a function of ratio of surfactants. When the main surfactant is Levenol (4/0, 
3/1), a decrease of G’ and G’’ with Pluronic concentration can be detected. In addition, 
the slopes of G’ and G’’ for both emulsions are quite similar. This is pointed out that a 
weaker structure was formed when Levenol C201 was used alone. There are no enough 
concentration of PE9400 to form multilayers or brush interactions. Interestingly, the 
same slope was exhibited for 2/2 emulsion but with higher values of G’ and G’’. In this 
emulsion containing the same concentration of both surfactants, brush interaction 
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could be the reason why values of G’ and G’’ were higher. When PE9400 was the main 
surfactant, an increase of G’ and G’’ with PE9400 concentration was observed. This fact 
may be explained by the increment of multilayers formed with pluronic concentration. 
In addition, it is not only an increase of viscoelastic modulus but also a decrease of the 
slope of G’. Hence, the structure is becoming more solid-like.  
Figure 7.4 shows the influence of aging time on DSD for the emulsion containing A) 
Levenol C-201 and B) Pluronic PE9400 as only surfactant in continuous phase. Both 
figures show an increase in droplet size. However, while in figure 7.4A, an increase of 
the second peak and a reduction of the population with smaller size with aging time is 
observed, in figure 7.4B, DSD follows a specific time-independent form that moves up 
the size axis. These facts indicate different destabilization mechanisms.[21,22] The 
multimodal final distribution shown in figure 7.4A is related to a coalescence 
phenomenon.[23] By contrast, Ostwald ripening can lead to a DSD sharpening [24], as 
shown in figure 7.4B. In order to gain a deeper insight into differences between DSD for 
figure 7.4A and 7.4B, figure 7.5 is shown. 
Figure 7.5 shows the evolution of Sauter diameter, volumetric diameter and span with 
aging time for the emulsions studied. Sauter diameter increased with aging time for 
Pluronic emulsion. In addition, volumetric diameter increased similarly to Sauter 
diameter and interestingly, span decreased with aging time for the emulsion containing 
only Pluronic PE9400. Furthermore, growth rate of the diameters is continuously 
decreasing (d2D4.3/dt2≤ 0). These observations reveal that Ostwald ripening is the 
predominant mechanism. [25] By contrast, emulsion with only Levenol C201 showed no 
differences in Sauter diameter, an increase in volumetric diameter from 150 hours, and 
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an increase of span with aging time. Therefore, this analysis allows two different trends 
in the increase of droplet size to be distinguished.  
The Ostwald ripening process is generally modelled with the well-known Lifshitz-




 (𝐸𝑄. 7.7) 
Being 𝜔𝑇 the constant ripening rate and ?̅? the number-weighted mean droplet radius. 
Therefore, the trend of Pluronic PE9400 is related to Ostwald ripening behaviour, as 
seen in figure 7.6A. Conversely, the trend of Levenol C-201 cannot be fitted to the 
Ostwald Ripening model proposed by LSW theory. Hence, the type of surfactant can be 
a determining factor not only in the stability of emulsions but also in the predominant 
destabilization process that takes place.  Since the emulsions with Pluronic PE9400 could 
be flocculated, the direct contact of flocculated oil droplets might promote Ostwald 
ripening by reducing the diffusion path length [26]. Furthermore, the 3D 
brush/mushroom conformation of Pluronic and the formation of multilayers may 
promote Ostwald Ripening phenomenon. Interestingly, all emulsions of this study 
containing Pluronic PE9400 followed the same trend (data not shown). However, 1/3 
and 2/2 emulsions presented oiling-off after one week of aging time. Hence, although 
the first destabilization mechanism would be Ostwald ripening, coalescence may take 
place later.    
Nevertheless, the increase of droplet size for the emulsion that only contains Levenol C-
201 is different. This trend follows the equation proposed by Kabalnov and Weers for 












where D0 is the initial diameter, 𝜔 is the coalescence rate and t is the time. 
This fact points out that the emulsion with only Levenol C201 showed an increase of 
droplet size due to coalescence. In addition, this emulsion presented the highest 
recoalescence during its preparation. Consequently, it is to be expected that the main 
destabilization process can be related to coalescence. 
 
 



























































































Figure 7.5. Influence of aging time on Sauter, Volumetric diameters and span for emulsions 
containing only one surfactant in continuous phase.  
 
 






















Figure 7.6A. Effect of continuous phase composition on time dependence of the cube of mean 
droplet radius (r3) for eco-friendly emulsions during aging time at 20ºC. 
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Figure 7.6B. Effect of continuous phase composition on time dependence of the inverse of the 
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Figure 7.7A. Influence of aging time on mechanical spectra for emulsion containing only 
PE9400 as the only surfactant.  
 
Figure 7.7 shows the influence of aging time on frequency sweeps for emulsions with A) 
Pluronic PE9400 and B) Levenol C201. In the figure 7.7A, G’ was higher than G’’ along 
the whole frequency range covered. Both moduli depend on frequency but following a 
different pattern. G′ exhibited a weak frequency dependence, while G″ showed a 
marked increase in its frequency-dependency above a certain frequency in the 0.07–1 
rad/s range. This behaviour was observed for all aging times studied. In addition, both 
G’ and G’’ decreased with aging time being the decrease of G’ more marked. This is 
related to an increase of droplet size, which supports the laser diffraction results. [27]  
In figure 7.7B, G’ was also higher than G’’ in all the frequency range studied for all aging 
times. A pronounced decrease of G’’ was observed from day 1 to day 5 while G’ 
remained almost constant. This is related to an increase of the complex viscosity.  This 
fact can be attributed to a process of flocculation or creaming. After that, a clear 
decrease of G’ and a slight decrease of G’’ from day 5 to day 14 can be observed. Hence, 
firstly Levenol emulsion underwent a flocculation and/or a creaming processes and 
secondly coalescence. It is very common that before a coalescence process, the 
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Figure 7.7B. Influence of aging time on mechanical spectra for emulsion containing only 
Levenol C201 as the only surfactant.  
 

























Figure 7.8. Turbiscan Stability Index (TSI) in the middle part of the samples for emulsions 
studied as a function of ratio of Levenol C201/Pluronic PE9400.  
Figure 7.8 shows Turbiscan Stability Index (TSI) for the middle part of the measuring cell 
for all emulsions studied. TSI was chosen in the middle part because it is where the 
kinetics of increase of droplet size is analysed. All emulsions showed an increase of TSI 
with aging time. However, a marked increase of TSI with aging time was observed after 
one day of aging time for all emulsions containing pluronic. At higher aging time, this 
increase mellowed. This fact is related to Ostwald ripening mechanism. These emulsions 
exhibited two trends with aging time. By contrast, the emulsion with levenol showed a 
linear increase of TSI during the study time.  Hence, there is a clear difference of trends 
of increase of droplet size analysing MLS results. This fact supports laser diffraction 
results. Taking into account these results, 4/0 emulsion presented the best stability 
considering the droplet size increase. 
Conclusions 
An increase of recoalescence during processing of emulsion with Levenol C-201 
concentration was detected. Hence, Pluronic PE9400 protects better the interface 
against recoalescence. Rheological properties of these emulsions reveal an increase of 
rheological parameters (η0, G’, G’’) with pluronic concentration when it is the 
predominant surfactant or for 2/2 ratio of surfactants. This fact is related to a 
flocculation process during the processing since Sauter diameters were very similar for 
all emulsions studied. This flocculation could be due to a depletion flocculation process 
or due to the 3D brush/mushroom conformation and the formation of multilayers of 
Pluronic. The latter may be the reason why the protection of the interface is better with 
Pluronic. An increase of droplet size with aging time were observed in all emulsions but 
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with different trends. There are some evidences that point out different destabilization 
mechanisms. Emulsions with only Levenol C201 as surfactant showed an increase of 
volumetric diameter, a decrease of span and an almost constant Sauter diameter with 
aging time. Conversely, a great increase of Sauter and volumetric diameter and a 
decrease of span were observed for the pluronic emulsion. These facts have been 
corroborated by analysing the droplet size increase fitting to the LWT theory about 
Ostwald ripening and to the coalescence equation proposed by Weers and Kabalnovov. 
The 3D brush/mushroom conformation and the formation of multilayers of Pluronic in 
the emulsions studied could be the reason why these systems underwent Ostwald 
ripening and not coalescence. This conformation would promote Ostwald ripening and 
reduce coalescence. By contrast, structure induced by Levenol did not protect perfectly 
the interface and coalescence was observed. Furthermore, some differences can also be 
seen in rheology and MLS results with aging time for the two extreme systems. Hence, 
this work demonstrates the importance of the type of surfactant in a formulation 
regardless these possess droplet size distributions very similar after preparation. On top 
of that, the surfactant type has demonstrated to be a key factor in which destabilization 
process emulsions will undergo.  
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Chapter 8: Influence of processing 







This work is based on tuning the preparation temperature of ecofriendly emulsions in 
order to reduce the flocculation induced by processing. Rheology, laser diffraction and 
Multiple Light Scattering have been used to characterize the properties and to detect 
and quantify the destabilization mechanisms of these emulsions. Emulsions prepared up 
to 15 ºC showed a cross-over point in the mechanical spectra while a gel-type behavior 
was shown for emulsions processed above this temperature. This fact pointed out two 
different grades of flocculation since there was no droplet-size effect. A combined 
analysis of complex viscosity values, volumetric diameter and variation of backscattering 
with aging time reached to the conclusion that the most stable emulsion was prepared 
at 5 ºC since there was a reduction of collision frequency and therefore, a reduction of 
flocculation.  Therefore, this work demonstrated the direct relation between 
flocculation and processing temperature for these green emulsions.  
8.1. Introduction  
Emulsions are a kind of disperse systems consisting of two immiscible liquids. The liquid 
droplets (the disperse phase) are dispersed in a liquid medium (the continuous 
phase).[1] They have applications in several fields like coatings, food, agrochemicals as 
well as cosmetics. Long-term stability is a pre-requisite for these systems. Many 
destabilization processes can take place in emulsions such as creaming, flocculation, 
coalescence and Ostwald ripening. The flocculation of emulsions could be a double-
edged sword since it can provoke an increase of viscosity, which could enhance stability 
against creaming, but coalescence could take place after a period of time for a 
flocculated emulsion.[2] [3] 
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Flocculation occurs when there is not sufficient repulsion to keep the droplets apart to 
distances where the van der Waals attraction is weak [1]. The repulsion forces can be 
ionic repulsion or steric repulsion. Steric repulsion is produced by using nonionic 
surfactants or polymers, for example, alcohol ethoxylates, or A-B-A block copolymers. 
Not only the surfactant nature and concentration but also the processing parameters 
(emulsification temperature, speed and time) are crucial in the formation of emulsions 
and in their physical stability.[4][5][6] However, there is no much information about the 
influence of processing temperature on the physical stability, flocculation and rheology 
of emulsions. Furthermore, changes in solubility of polyoxyethylene-type non-ionic 
surfactants with temperature can be produced. [7][8] The surfactant is hydrophilic at 
low temperatures but becomes lipophilic with increasing temperature due to 
dehydration of the polyoxyethylene chains. [9] 
Organic solvents has played a vital role in the development of agrochemical products in 
the past. No attention has been paid to avoid the release of these harmful chemicals in 
the land and sea. However, during the last decade special emphasis has been made 
towards green solvents and surfactants. [10][11] [12] In this work, we have used a 
mixture of ecofriendly solvents (N,N-dimethyldecanamide and D-Limonene) [13][14] 
and an ecologic surfactant (polyoxyethylene glycerol fatty acid ester, Glycereth-17 
Cocoate) that possesses the  ecolabel (DID list: 2133) to prepare concentrated green 
emulsions.   
These concentrated ecofriendly emulsions have been studied previously at room 
temperature [15] and they showed important flocculation problems. One method to 
reduce this destabilization process is to tune the emulsification temperature. Hence, a 
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systematic study of the influence of processing temperature has been carried out in 
order to enhance the stability of these ecological emulsions.  
8.2. Materials and methods 
8.2.1. Materials 
N,N Dimethyl Decanamide (Agnique AMD-10TM) and D-Limonene, was kindly supplied 
by BASF and Sigma Chemical Company respectively. A non-ionic surfactant derived from 
cocoa oil (polyoxyethylene glycerol fatty acid ester, Glycereth-17 Cocoate) was used as 
emulsifier. Its trade name is Levenol C-201TM and it was received as a gift from KAO. An 
antifoaming agent (RD antifoam emulsion, DOW CORNING) was used. All emulsions 
were prepared using deionized water. 
8.2.2. Emulsion preparation 
The aqueous phase was a solution of deionized water, 0.1 wt% antifoam emulsion and 
4  wt% of the green surfactant. The oil phase (40 wt%) consisted of a mixture of two 
ecofriendly solvents: AMD-10 and D-Limonene in a ratio of 75/25. This ratio of solvents 
was previously demonstrated to be optimum by Santos et al., 2014.[16] 
Emulsions were prepared using a rotor-stator homogenizer (Silverson L5M), equipped 
with a mesh screen, at 8000 rpm during 60 seconds in a thermostatically-controlled 
water bath at 5, 15, 25, 35 or 45 ºC. Dispersed and continuous phase were previously 
tempered in the same bath.  
8.2.3 Droplet size distribution measurements. 
Droplet size distributions and mean diameters of oil droplets were measured by laser 
diffraction technique (Mastersizer X, Malvern, Worcestershire, United Kingdom). All 
205 
 
measurements were carried out in triplicate for each emulsion. The influence of aging 
time on droplet size distributions were carried out 1, 7, 13, 21 and 28 days after 
preparation.  
The mean droplet diameters were expressed as Sauter diameter (D3,2) and volume mean 
diameter (D4,3): 
          Eq.8.1 
          
Eq. 8.2 
where di is the droplet diameter, N is the total number of droplets and ni is the number 
of droplets having a diameter di. 
8.2.4. Rheological measurements. 
Rheological tests were performed with a controlled-stress rheometer (Haake MARS, 
Thermo-Scientific, Germany). Emulsions studied were measured using a sandblasted 
double-cone geometry (angle: 0.017 rad; diameter: 60 mm). Flow curves were carried 
out from 0.05- 5 Pa using a multi-step protocol.  
8.2.5. Multiple light scattering  
Multiple light scattering measurements were conducted with a Turbiscan Lab Expert 
until 30 days at 20 ºC in order to study and quantify the destabilization mechanisms in 
the emulsions prepared.  Multiple light scattering is a sensitive and non-intrusive tool to 
allow physical stability of complex fluids to be analysed. [17], [18]  































For cryo-scanning electronic microscopy (cryo-SEM), samples were placed on a sample 
holder and plunged into nitrogen slush. Frozen samples were etched and coated with 
gold and subsequently were kept at -120ºC for observation. 
8.2.7. Statistical analysis. 
Laser diffraction and rheological tests were carried out in triplicate, and the resulting 
data was analysed using one-way analysis of variance (ANOVA). This was carried out 
using Microsoft excel 2013. All statistical calculations were conducted at a significance 
level of p= 0.05. 
8.3. Results and discussion 
Figure 8.1 shows Droplet Size Distribution (DSD) for emulsions as a function of 
processing temperature at one day of aging time. All emulsions showed bimodal 
distributions, even trimodal distribution for emulsion processed at 15 ºC.  This 
polidispersion is characteristic of this type of system containing these ecofriendly 
solvents. [16] [19] There are no significant changes in DSD in emulsions processed up to 
35 ºC. However, there is a shift towards bigger droplet sizes from 35 ºC to 45 ºC. This 
fact could be related to a recoalescence process, which might be attributed to the 
increased molecular movement and the enhanced collision probability between 
droplets at higher emulsification temperatures. [5] In spite of this fact, all emulsions 
showed submicron mean diameters (Table 8.1).  
Table 8.1. Sauter diameter for green emulsions as a function of processing temperature.  
 





















 5ºC day 1
 15ºC day 1
 25ºC day 1
 35ºC day 1
 45ºC day 1
 


























Figure 8.2A. Mechanical spectra for emulsions studied as a function of processing temperature 
at 20 ºC.  
Fig 8.2A illustrates the mechanical spectra for emulsions processed at different 
temperatures measured at 20 ºC.  There are two different behaviours: while emulsions 
processed above 15 ºC show G’ higher than G’’ in all the frequency range studied, 
emulsions processed at 5 ºC and 15 ºC show a crossover point. The latter is typical of 
weakly structured materials. In this sense, G′ is lower than G″ in the lower frequency 
regime up to the crossover point (ω*), and G′ is higher than G″ in the higher frequency 
regime above ω*. This crossover frequency determines the onset of the terminal 
relaxation zone.  The terminal relaxation time (tr) was calculated as the inverse of ω* 
and decreased from 5 to 15 ºC processing temperature. This fact indicates a reduction 
in the elastic nature of the system, which is related to a loss of structure. Shorter 
relaxation times lead to relatively fast rearrangements and correlate well with the 
instability of emulsions against creaming. Conversely, longer relaxation times point out 
that the droplet-droplet interactions are stronger. This is currently correlated with 
greater macroscopic stability against creaming in emulsions and suspoemulsions 
[20][18] Therefore, the emulsion processed at 5 ºC is more structured than those 
processed at 15 ºC. It is important to highlight that the emulsion processed at 15 ºC 
showed a third population in DSD. Hence, this fact could be the cause of the structure 
loss. However, the increase of processing temperature above 15 ºC provokes an increase 
of both viscoelastic parameters (G’ and G’’) that is not related to droplet-size effect. This 
fact could be due to an increase of the flocculation since the collision frequency is higher 
with temperature. Hence, there would be a significant increase of flocculation from 15 
ºC to 25 ºC since it presented the jump in viscoelastic parameters but the same DSD. 
Nevertheless, emulsions processed at 45 ºC exhibited lower viscoelastic functions than 
those prepared at 35 and 25 ºC. This is due to the higher droplet size that this system 
showed.  Furthermore, 25 and 35 ºC emulsions presented a minimum of G’’ at the 
characteristic frequency (ωc), which is a typical weak gel-like behaviour. The plateau 
modulus associated to ωc are 79.25 and 74.03 rad/s, respectively. This parameter has 
been previously used to distinguish between grades of flocculation by Santos et al, 2016. 
[15] In this case, 25 ºC emulsion could be more flocculated than its counterpart 
processed at 35 ºC.  
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Figure 8.2B. Flow curves as a function of processing temperature for emulsions studied at 20 
ºC. Lines represented the fitted to Cross model. 
Table 8.2. Fitting parameters to Cross model as a function of processing temperature.  
Processing 
temperature (ºC) 
η∞ (Pa·s) ηo (Pa·s) k (s-1) n 
5 0.02 82.7 1193 0.25 
15 0.02 19.4 115 0.30 
25 0.03 3000 2073 0.10 
35 0.03 2750 4440 0.10 
45 0.03 2230 1300 0.10 
 
 
Standard deviation of the mean (3 replicates) for η0, η∞ < 8% 
Standard deviation of the mean (3 replicates) for g
.
c < 10% 




Figure 8.2B shows flow curves for emulsions processed at different temperatures. All 
emulsions exhibited shear thinning behaviour with a trend to reach a Newtonian region 
at a very low shear rate. All curves were fitted fairly well to Cross model (R2> 0.998) 







1−𝑛           EQ. 8.3 
Where c is related to the critical shear rate for the onset of shear-thinning response, 
η0 stands for the zero-shear viscosity and (1-n) is a parameter related to the slope of the 
power-law region; n being the so-called “flow index”.  
Results of the ANOVA test demonstrated that there are significant differences in the 
zero shear viscosity of emulsions studied. The same trend showed in mechanical spectra 
is presented in zero shear viscosity (ηo).  Zero shear viscosity of emulsions processed at 
5 and 15 ºC are in two lower decades than for the emulsions processed at higher 
temperatures. In addition, there is a slight decrease in zero shear viscosity from 35 ºC to 
45 ºC emulsions due to the droplet-size effect. Furthermore, it is important to highlight 
the differences between flow index (n) for the emulsions studied. Flow index for 
emulsions processed above 15 ºC are much lower than those processed below this 
temperature. These low values have been shown previously in flocculated emulsions 
[15][21] Hence, it supports the SAOS results that pointed out these emulsions were 










Figure 8.3B. Cryo-SEM micrograph of green emulsion processed at 35oC. 
Figure 8.3 show cryo-sem micrographs of emulsion processed at A) 5oC and B) 35oC. All 
the droplets form interconnected chains but single droplets can be differenciate in figure 
8.3A. However, a diffuse mass of droplets is shown in figure 8.3B. This fact is directly 
related to the high flocculation grade of this emulsion. Hence, emulsion processed at 
35ºC is much more flocculated than emulsion processed at 5ºC. Furthermore, these 
micrographs support laser diffraction results about droplet size.  
 





















Figure 8.4. Influence of processing temperature on volumetric diameter with aging time. 
Figure 8.4 shows the influence of aging time on volumetric diameter for emulsions 
processed at different temperatures. Results of the ANOVA test demonstrated that 
there are significant differences in volumetric diameter of day 1 with day 28 of 
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emulsions studied. There is an increase of volumetric diameter in all emulsions studied 
but in different grade and in different aging times. Whereas emulsions processed above 
15 ºC showed an increase of volumetric diameter from day 7 of aging time, emulsions 
prepared at 15 ºC or below did not present this increase until day 28. In addition, the 
emulsion which showed the greatest coalescence was those prepared at 25 ºC. This 
emulsion seemed to be the most flocculated analysing rheology results. Hence, this 
points out that the droplets merged after a period of flocculation. On the top of that, 
the lowest increase is shown by the emulsion which was the least flocculated (5 ºC 
emulsion). Therefore, these results supports the hypothesis about the different grades 
of flocculation.  



























Figure 8.5. Influence of aging time on complex viscosity at 0.1 rad/s as a function of processing 
temperature.  
Figure 8.5 shows the influence of aging time on complex viscosity as a function of 
processing temperature. 25, 35 and 45 ºC emulsions presented a decrease of complex 
viscosity with aging time, which is related to an increase of droplet size. However, 15 ºC 
showed a slight increment of this parameter. This fact indicates a flocculation and/or 
creaming process. Hence, 15 ºC not only underwent coalescence but also flocculation 
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and/or creaming.  Furthermore, 5 ºC emulsions did not present significant changes in 
complex viscosity with aging time (ANOVA test). This may be a cause of opposites 
mechanisms that simultaneously takes place. In order to clarify this point, a Multiple 
Light Scattering study has been carried out. 
























Figure 8.6A. Variation of backscattering versus measuring cell height as a function of time for 
the emulsion prepared at 5ºC.  
Figure 8.6A and 8.6B show the variation of Backscattering (BS) as a function of measuring 
cell height with aging time for emulsions prepared at 5 ºC and 15 ºC, respectively. Figure 
8.6B has been chosen as a way of example of samples prepared at 15 ºC and above since 
the BS curves for 25ºC, 35 ºC and 45 ºC emulsions presented the same trends with 
different values. Figure 8.6A presents a decrease of BS in the low zone of the measuring 
cell until one day of aging time, followed by an increase of BS in the same part above 
this aging time. The decrease of BS in the low zone is directly related to a clarification 
process. This fact points out a creaming mechanism at the beginning which leads to a 
flocculation mechanism in the bottom of the measuring cell. Furthermore, this creaming 
and flocculation provokes an oiling off process in the upper zone of the measuring cell. 
No variation in BS in the middle part was shown. Hence, the coalescence is not extensive 
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in all the measuring cell. Coalescence took part just in the top zone of this sample. 
Therefore, there was a creaming process firstly that lead to flocculation/coalescence 
and oiling off mechanism.  

























Figure 8.6B. Variation of backscattering versus measuring cell height as a function of time for 
the emulsion prepared at 15ºC.  
Figure 8.6B presents a decrease of BS in the low zone of the vial until 16 days of aging 
time. After this time, there is an increase of BS in this part. However, this increase is due 
to the extensive coalescence and/or flocculation that takes place in all the measuring 
cell since an increase of BS is shown in the low and middle part of the vial. Thus, that 
creaming could be cover up by flocculation and/or coalescence after day 16. 
Furthermore, there is a decrease of BS in the upper part that is related to oiling off. A 
similar behaviour was shown for emulsions prepared at 25 ºC, 35 ºC and 45 ºC. It is 
important to highlight that just the destabilization of emulsions prepared above 25 ºC 


































Figure 8.7. Variation of backscatering in the middle zone of the measuring cell (5-25 mm) as a 
function of processing temperature at room temperature.  
Only the increase of BS in the middle part of the measuring cell has been analysed since 
the creaming process in the emulsions studied could be cover up by 
flocculation/coalescence. Figure 8.7 shows the BS variation in the middle zone of the 
measuring cell with aging time for emulsions prepared at different processing 
temperatures. The variation of BS in the middle zone is directly related to the increase 
of droplet size or floc size. This method can not distinguish between a floc or a droplet. 
No variation in BS was presented for emulsion prepared at 5 ºC, being the most stable 
emulsion studied. Conversely, there was a clear increase of BS for the other emulsions 
studied in different grades. Flocculated emulsions (those prepared above 15 ºC) 
exhibited higher increases than emulsion prepared at 15 ºC. MLS results supports laser 
diffraction and rheology results. 
Conclusions 
Processing temperature did not show a big influence on DSD below 35 ºC. But 
interestingly, emulsions prepared at 5 ºC and 15 ºC exhibited viscoelastic properties 
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typical of weakly structured materials while emulsions prepared at 25 ºC, 35 ºC and 45 
ºC showed a weak-gel behaviour. 25 ºC and 35 ºC emulsions presented very similar 
behaviour but with different values of Plateau modulus. Those differences in this 
parameter pointed out different grades of flocculation of these emulsions since there 
was no droplet-size effect. Flow curves showed shear-thinning behaviour for all 
emulsions studied. Emulsions prepared above 15 ºC exhibited very low values of flow 
index, which is consistent with flocculated emulsions. All emulsions presented 
coalescence but in different grades being 5 ºC the emulsion which showed the least 
increase in droplet size with aging time. Laser diffraction results and rheology with aging 
time supported the hypothesis about different grades of flocculation induced by 
processing temperature. Hence, a tight control of the preparation temperature is 
necessary in order to tune flocculation grade and slow down the destabilization process. 
Furthermore, rheology has demonstrated to be a powerful tool to show the slight 
structural differences between emulsions with similar DSD but with different stability. 
Multiple Light Scattering has been an important method to clarify the destabilization 
mechanisms which were taking place simultaneously in these emulsions. It was another 
way to quantify coalescence reaching to the same conclusion that laser diffraction and 
rheology results: emulsion prepared at 5 ºC showed the best stability due to the low 
flocculation grade.  
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1. A dependence of homogenization rate and the ratio of solvents with emulsion 
stability and DSDs was demonstrated. The use of mixtures of green solvents led 
to obtain emulsions with submicron droplet mean diameter above 5000 rpm in 
Silverson L5M. In addition, an increment of droplet size with aging time was 
observed for emulsions with the higher content in D-limonene. However, 
emulsions containing high AMD-10/D-limonene ratio remained stable against 
coalescence. Coalescence information obtained by laser diffraction and multiple 
light scattering supported each other. In addition, the results provided by 
multiple light scattering revealed that 65/35 & 70/30 emulsions underwent not 
only coalescence but also creaming. Emulsion with 75/25 solvent ratio exhibited 
intermediate delay time for the onset of incipient creaming but it did not 
undergo coalescence. Rheology cleared up the destabilization mechanism for 
high-limonene content emulsions. First, creaming was dominant (increasing η0) 
and later coalescence became predominant (decreasing η0). From a 
methodological point of view, monitoring the cooperative information provided 
by rheology, laser diffraction, multiple light scattering and CSLM for a short aging 
time is a powerful tool to get a comprehensive panoramic view of the 
destabilization mechanism and kinetics of emulsions, especially when several 
mechanisms are simultaneously taking place. 
 
2. The influence of the surfactant concentration in the range of 1.5-4 wt% was 
studied. The influence in DSD, rheological properties and physical stability in the 
range of 2-3 wt% was not really significant. However, 1.5wt% of surfactant is not 
enough to cover the surface of the interface and it led to higher Sauter and 
volumetric mean diameters. Consequently, this emulsion has the lowest zero-
shear viscosity and the highest flow index.  Emulsion containing above 3.5wt% 
of surfactant showed an accused depletion flocculation process since its 
preparation. The combination of measurements of laser diffraction, flow curves 
and multiple light scattering at different aging times showed the destabilization 
phenomenon in the emulsions in short period of time. These techniques have 
complemented each other leading to the conclusions: 
 1.5 wt% emulsion showed creaming as a predominant mechanism. 
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 2-3 wt% emulsions exhibited low creaming rates being 3wt% emulsion which 
showed the greatest stability. 
 3.5-4 wt% emulsion showed flocculation, creaming and coalescence. 4wt% 
emulsion showed the major increase in the droplet size due to the depletion 
flocculation showed since its preparation. 
The emulsions in the range 2-3wt% were highly stable and this excellent result 
can be explained by considering that the emulsion prepared at intermediate 
surfactant concentrations showed enough viscosity to prevent creaming and 
cover the interface. Also, it is not excessive surfactant concentration that may 
lead to a depletion flocculation process. 
 
3. The production of eco-friendly emulsions with a median droplet diameter 
ranging from 21 to 69 µm has been demonstrated using direct and premix 
membrane emulsification (ME) in a simple paddle-bladed stirred cell. An increase 
of the content of AMD-10 solvent in the dispersed phase caused a decrease in 
the mean droplet size and an increase of polidispersity of the emulsion droplets 
size, probably due to lower interfacial tension and higher polarity of the solvent 
blend compared to pure d-limonene. In direct ME, the mean droplet size 
decreased with increasing the stirring speed and decreasing the transmembrane 
flux. The droplet-to-pore size ratio was 2.2-4.6 and 1.5-3.5 for the membrane 
with a pore size of 10 and 20 µm, respectively. The minimum droplet-to-pore 
size ratio of 1.5 was smaller than 3 reported in direct ME with SPG membrane, 
probably due to very low interfacial tension of 1 mN/m when 25/75 solvent 
mixture was used. The most uniform droplets were obtained at the flux of 600 L 
m-2 h-1 and the stirrer speed of 620 rpm, which corresponded to the peak shear 
stress on the membrane surface of 7 Pa. For a constant surfactant/oil ratio (R) of 
0.10, the mean droplet size decreased with increasing the dispersed phase 
content in the emulsion.  
In premix ME, the mean droplet size exponentially decreased with increasing 
transmembrane flux from an initial value greater than 50 µm in a pre-emulsion 
to a final value lower than the pore size in the emulsions processed at the flux 
above 2000 L m-2 h-1. The mean droplet size was additionally reduced using two 
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or three passes through the membrane, but the particle size distribution was 
relatively broad.. The effect of pore size on the mean droplet size was more 
pronounced in premix than in direct ME. The mean droplet size lower than 6 µm 
was achieved using both 10 and 20 µm membrane. O/W emulsions with a 
dispersed phase content of 40 wt% showed shear thinning behaviour and 
viscoelastic properties, due to structuration in the emulsion. Premix ME with 
repeated only two passes through nickel micro-engineered membrane enables 
to obtain O/W emulsions with very small mean droplet sizes compared to the 
pore size. The mean droplet size lower than 6 µm was achieved using both 10 
and 20 µm membrane, but more uniform droplets were obtained with a 20 µm 
membrane.  
O/W emulsions with a dispersed phase content of 40 wt% showed viscoelastic 
properties, due to structuration in the emulsion. On the other hand, O/W 
emulsions with a dispersed phase content of 30 wt% exhibited Newtonian 
behaviour with the viscosity values in a good correlation with the mean droplet 
sizes. 
 
4. Microfluidization was capable of producing nano-emulsions for 30 wt% eco-
friendly emulsions, regardless of the homogenization pressure used. These 
emulsions showed re-coalescence due to an over-processing undergone during 
their preparation. In spite of the fact that all microfluidized emulsions did not 
show significant changes in the DSD, these emulsions exhibited different values 
of zero shear viscosity. Emulsions processed at lower homogenization pressures 
showed higher values of zero shear viscosity; this is related to flocculated 
emulsions. This flocculation led to a coalescence process. Furthermore, slightly 
flocculated emulsions did not show an increase of the droplet size, but rather 
the creaming process took place. Consequently, moderate pressure of 15000 psi 
responded better than higher or lower pressures due to the lack of creaming and 
a lower coalescence. Hence, rheology was a relevant and decisive tool to allow 
us to understand why different destabilization mechanisms occur depending on 
homogenization pressure in emulsions with very similar DSD. 
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5. DSD was strongly influenced by homogenization rate for 30 wt% emulsions but 
slightly influenced for 40 wt% emulsions due to a change of regime in rotor-
stator device. By contrast, zero-shear viscosity changes more in 40 wt% than in 
30 wt% emulsions with homogenization rate. This fact is related to a flocculation 
process induced by energy input (above 5000 rpm). These aforementioned 
emulsions showed viscoelastic properties. As a consequent, plateau modulus 
were calculated and was used to detect destabilization mechanisms by mean of 
its variation with aging time. In this sense, this rheological parameter was 
demonstrated to be an useful tool in order to predict coalescence before visual 
observation and to distinguish between different grades of flocculation. 
Furthermore, flocculated 40 wt% emulsions showed coalescence with aging time 
while 30 wt% underwent creaming process due to the low zero shear viscosity 
shown. This supports the laser diffraction and rheology results. It is important to 
remark that the main destabilization mechanism is influenced by not only the 
dispersed phase content but also the homogenization rate. Hence, this study 
demonstrate the importance of flocculation induced by emulsification process in 
emulsions. 
The most stable emulsion was 40 wt% processed at 4000 rpm in the rotor-stator 
device. Therefore, a more concentrated emulsion was achieved using less energy 
input, which fulfil the demands of a bio-based society. 
 
6. An increase of recoalescence during processing of emulsion with Levenol C-201 
concentration for 40 wt% emulsions containing Levenol C-201 and Pluronic 
PE9400 was detected. Hence, Pluronic PE9400 protects better the interface 
against recoalescence. Rheological properties of these emulsions reveals an 
increase of rheological parameters (η0, G’, G’’) with pluronic concentration when 
it is the predominant surfactant or for 2/2 ratio of surfactants. This fact is related 
to a flocculation process during the processing since Sauter diameters were 
similar for these emulsions. This flocculation could be due to a depletion 
flocculation process or due to the 3D brush/mushroom conformation and the 
formation of multilayers of Pluronic. The latter may be the reason why the 
protection of the interface is better with Pluronic. An increase of droplet size 
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with aging time were observed in 40 wt% emulsions but with different trends. 
There are some evidences that point out different destabilization mechanisms. 
Emulsions with only Levenol C201 as surfactant showed an increase of 
volumetric diameter, a decrease of span and an almost constant Sauter diameter 
with aging time. Conversely, a great increase of Sauter and volumetric diameter 
and a decrease of span were observed for the pluronic emulsion. These facts 
have been corroborated by analysing the droplet size increase fitting to the LWT 
theory about Ostwald ripening and to the coalescence equation proposed by 
Weers and Kabalnovov. The 3D brush/mushroom conformation and the 
formation of multilayers of Pluronic in the emulsions studied could be the reason 
why these systems underwent Ostwald ripening and not coalescence. This 
conformation would promote Ostwald ripening and reduce coalescence. By 
contrast, structure induced by Levenol did not protect perfectly the interface and 
coalescence was observed. Furthermore, some differences can also be seen in 
rheology and MLS results with aging time for the two extreme systems. Hence, 
the study of the different surfactants for these eco-friendly emulsions 
demonstrates the importance of the type of surfactant in a formulation 
regardless these possess droplet size distributions very similar after preparation. 
7. Processing temperature did not show a big influence on DSD below 35 ºC. But 
interestingly, emulsions prepared at 5 ºC and 15 ºC exhibited viscoelastic 
properties typical of weakly structured materials while emulsions prepared at 25 
ºC, 35 ºC and 45 ºC showed a weak-gel behaviour. 25 ºC and 35 ºC emulsions 
presented very similar behaviour but with different values of Plateau modulus. 
Those differences in this parameter pointed out different grades of flocculation 
of these emulsions since there was no droplet-size effect. Flow curves showed 
shear-thinning behaviour for all emulsions studied. Emulsions prepared above 
15 ºC exhibited very low values of flow index, which is consistent with flocculated 
emulsions. All emulsions presented coalescence but in different grades being 5 
ºC the emulsion which showed the least increase in droplet size with aging time. 
Laser diffraction results and rheology with aging time supported the hypothesis 
about different grades of flocculation induced by processing temperature. 
Hence, a tight control of the preparation temperature is necessary in order to 
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tune flocculation grade and slow down the destabilization process. Furthermore, 
rheology has demonstrated to be a powerful tool to show the slight structural 
differences between emulsions with similar DSD but with different stability. 
Multiple Light Scattering has been an important method to clarify the 
destabilization mechanisms which were taking place simultaneously in these 
emulsions. It was another way to quantify coalescence reaching to the same 
conclusion that laser diffraction and rheology results: emulsion prepared at 5 ºC 
showed the best stability due to the low flocculation grade. 
 
